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AbStraCt actuators

: . . . i | Controller o System
Adaptive control theory is emerging as a viable approach | < |
for the design of self-managed computer systems. This o measurements
paper argues that the systems community should not be Closed—Loop System
concerned with the design of adaptive controllers—there )
are off-the-shelf controllers that can be used to tune any Figure 1:A closed-loop system.

system that abides by certain properties. Systems research
should instead be focusing on the open problem of bu”dr'nore ficorous approach is needed for desianing dvnam-
ing and configuring systems that are amenable to dynamic 9 P gning dy

feedback-based control. Currently, there is no systemat'f%ally controlled systems. In particular, we advocate the

approach for doing this. To that aim, this paper infroduc use ofcontrol theorybecause it results in systems that can

a set of properties derived from control theory that cofﬁe shown to work beyond the narrow range of a particular
prop . Y experimental evaluation. Computer system designers can
trollable computer systems should satisfy. We discuss tr%e . . .
ake advantage of decades of experience in the field and

intuition behind these properties and the challenges to bé

! : £an apply well-understood and often automated method-
addressed by system designers trying to enforce them. Daies for controller desian

the discussion, we use two examples of management pro%— 9 _ an. _

lems: 1) a dynamically controlled scheduler that enforcegowever, we believe that systems designers should not be
performance goa|s in a 3-tier System; 2) Controning th@oncerned with the deSIgn of controllers. Control theory

number of blades assigned to a workload to meet perfols an active research field on its own, which has produced
mance goals within power budgets. streamlined control methods [2] or even off-the-shelf con-

troller implementations [1] that systems designers can use.
Indeed, we show that many computer management prob-
1 Introduction lems can be formulated so that standard controllers can
be applied to solve them. Thus, the systems community

) , should stick with systems design; in this case, systems that
As the size and complexity of computer systems grow, sygire amenable to dynamic, feedback-based control. That

tem administration has become the predominant factor g, provide the necessary tunable system paramedets-(
ownership cost [6] and a main cause for reduced SVStGH}org and export the appropriate feedback metriceé-
dependability [14]. The research community has recogs rements so that an off-the-shelf controller can be ap-
nized the problem and there have been several calls 0 3o without destabilizing the system, while it ensures fast
tion [11, 17]. All these approaches propose some form Qfyergence to the desired goals. Traditionally, control
self-managed, self-tuned systems that aim at minimizing,eory has been concerned with systems that are governed
manual administrative tasks. by laws of physics (e.g., mechanical devices), thus allow-
As aresult, computers are increasingly desighed@sed- ing to make assertions about the existence or not of certain
loop systemsas shown in Figure 1, a controller automati-properties. This is not necessarily the case with software
cally adjusts certain parameters of the system, on the basigstems. We have seen in practice that checking whether a
of feedback from the system. Examples of such closedystem is controllable or, even more, building controllable
loop systems aim at managing the energy consumpti@ystems is a challenging task often involving non-intuitive
of servers [4], automatically maximizing the utilizationanalysis and system modifications.

of data centers [16], or meeting performance goals in filgg 5 first step in addressing the latter problem, this pa-

servers [10], Internet services [10, 12] and databases uiﬂer proposes a set afecessary and sufficient properties

When applying dynamic control, it is important that thethat any system must abide by to be controllable by a stan-
resulting closed-loop system is stable (does not oscillatelard adaptive controller that needs little or no tuning for
and converges fast to the desired end state. Many ethe specific system. These properties are derived from the
isting closed-loop systems use ad-hoc controllers and attgeoretical foundations of a well-known family of adaptive
evaluated using experimental methods. We claim that @ntrollers. The paper discusses the intuition and impor-



tance of these properties from a systems perspective atakes into account. Paramet#yis the delay between an
provides insights about the challenges facing the designactuation and the time the first effects of that actuation are
that tries to enforce them. The discussion has been mobserved. The unknown model paramet&randB; are
tivated by lessons learned while designing self-managesstimated usingRecursive Least-SquardRLS) estima-
systems for an adaptive enterprise environment [17]. ltion [7]. This is a standard, computationally fast estimation
particular, we elaborate on the discussion of the propertiéschnique that fits (1) to a number of measurements, so that
with two very diverse management problems: 1) enforcinthe sum of squared errors between the measurements and
soft performance goals in networked service by dynamthe model curve is minimized. For the discussion in this
cally adjusting the shares of competing workloads; 2) corpaper, we focus on discrete-time models. One time unit
trolling the number of blades assigned to a workload tm this discrete-time model corresponds to an invocation
meet performance goals within power budgets. of the controller, i.e., sampling of system measurements,
estimation of a model, and setting the, actuators.

2 Dynamic Control Clearly, the rel_atlon between actuation and observed sys-
tem behavior is not always linear. For example, while
M bl b throughput is indeed a linear function of the share of re-
i any C.O”,‘p“t.ef man;gement ]Pro e"ms cank. e cars]t asb%urces (e.g., CPU cycles) assigned to a workload, the re-
llne.opymlza'uon problems. Informally speaking, ,t € 0DYation between latency and resource share is nonlinear as
jective is to have a number of measurements obtained fro ktle's law indicates. However. even in the case of non-
the system colr)wergfe to the desired goals by dynam'ciléf}ear metrics, a linear model is often a good-enough local
settk;rllg a_n:cjm erl_o dsystem pt;';_lranjetefrs (?Ct“a;ms%- Pproximation to be used by a controller [2], as the latter
problem Is formalized as an objective function that has tHsually only makes small changes to actuator settings. The
be minimized. A formal problem specification is OUts'deadvantage of using linear models is that they can be esti-

the scope of this paper. The key point here is that there fated in computationally efficient ways, result in tractable
well-understood, standard controllers that can be used é%ntrol laws, and there are stability proofs for them

solve such optimization problems. Existing research has . ) ;
shown that, in the general casagaptivecontrollers are The control law is essentially a function that, based on
needed to trace the varying behavior of computer systerffi estimated system model (1) at timedecides what

and their changing workloads [9, 12]. Thus, for the disthe actuator values(t) should be to minimize the objec-
cussion in this paper, we focus on one of the best-knowfive function. In other words, the STR derivagt) from
families of adaptive controllers, nameSelf-Tuning Reg- & _closed-for_m expression as a function of previous actu-
ulators (STR)) [2], that have been widely used in prac-2tions, previous measurements and the estimated system
tice to solve on-line optimization control problems. Theneéasurementg(t). Details of the theory can be found in
term “self-tuning” comes from the fact that the controllerStrometal. [2]. From a systems perspective, the impor-
parameters are automatically tuned to obtain the desiré@t POt is that these are computationally efficient calcu-
properties of the closed-loop system. The design of closeltions that can be performed on-line. Moreover, an STR
loop systems involves many tasks such as modeling, desiffffiuires little system-specific tuning as it uses a dynami-
of control law, implementation, and validation. STR conLally estimated model of the system and the control law
trollers aim at automating these tasks. Thus, they can g&ltomatically adapts to system and workload dynamics.

used out-of-the-box for many practical cases. Other typd=or this process to apply and for the resulting closed-loop
of adaptive controllers proposed in the literature usuallgystem to be stable and to have predictable convergence
require more intervention by the designer. time, control theory has come with a list afecessary
An STR consists of two basic modules: theodel esti- and sufficientoroperties that the target system must abide
mation module on-line estimates a model that describe?y [2]- In the following paragraphs, we interpret these
the measurements from the system as a function of a feoretical requirements into a set of system-centric prop-
nite history of past actuator values and measurements; tfifies- We provide guidelines about how one can verify
model is then used by thepntrol lawmodule that sets the whether a property is satisfied and what are the challenges
actuator values. We propose using a linear model of tH8r enforcing them.
following form for model estimation in the STR: C.1. Monotonicity. The elements of matrRp in (1) must

. n1 have known signs that remain the same over time.

y(t) = ZlAiy(t —i)+ Z)Biu(t —i—do) (1) The intuition behind this property is that the real (non es-
i= i= timated) relation between any actuator and any measure-

wherey(t) is a vector of theN measurements sampled ament must be monotonic anq of known S|gn._T_h|s property
usually refers to some physical law. Thus, it is generally

timet andu(t) is a vector capturing thiel actuator settings . . i
at timet. A; andB; are the model parameters, with dimen-?has?/ to c?eckfor itand get F&eﬁ'gr??@f tFor e?i\:n;%le, ml
sions compatible with those of vectort) andu(t). nis € long term, a process with hign fraction o cycles

the model ordetthat captures how much history the modelgets higher throughput and lower latency than one with a



smaller fraction. not use off-the-shelf controllers. Typically, physical sys-

C.2. Accurate models.The estimated model (1) is a good-{€Ms are minimum phase—the causal effects of events in
enough local approximation of the system’s behavior. the system fade as time passes by. Sometimes, this is not
the case with computer systems, as we see in Section 3.

As discussed, the model estimation is performed per|0d4|-O ensure this property, a designer must re-set any inter-

cally. A fundamental requirement is that the dynamic relag | giate that reflects older actuations. Alternatively, the
tion between actuators and measurements is captured s imple interval can always be increased until the system

ficiently by the model around the current operating poinB comes minimum phase. However, longer sampling in-
of the system. In practice, this means that the estimatq rvals result in slower control response

model must track only real system dynamics. We use the ) )

term noiseto describe deviations in the system behaviof-6- Linear independence.The elements of each of the
that are not captured by the model. It has been showffctorsy(t) andu(t) must be linearly independent.

that to ensure stability ifinear systems where there is Unless this property holds, the quality of the estimated
a known upper bound on the noise amplitude, the modehodel is poor. The predicted value fgfk) may be way
should be updated only when the model error is twice theff the actual measurements. The reason is that matrix in-
noise bound [5]. The theory is more complicated for nonversion in the RLS estimator may result in matrices with
linear systems [15], but the above principle can be usecery large numbers, which in combination with the limited
as a rule of thumb in that case too. There are three maiasolution of floating point arithmetic of a CPU, result in
sources for the aforementioned noise: 1) unmodeled systodels that are wrong. Some times, simple intuition about
tem dynamics, due to e.g., contention on the network; 2 systems may be sufficient to ascertain if there are linear
a fundamentally volatile relation between certain actuatordependencies among actuators, as we see in Section 3.

and measurements; 3) quantization errors when a line@ry  7aro-mean measurements and actuator values

model is used to approximate locally in an operating rang¢ne elements of each of the vectgk) and u(k) should
the behavior of a nonlinear system. Picking actuators arghye a mean value close to 0.

measurement metrics that result in stable, ideally linear, rlf- h h h |
lations is one of the most challenging and important tasks (€ actuators or the measurements have a large constant

in the design of a controllable system, as we discuss ffPMPonent to them, RLS tries to accurately predict this
Section 3 constant component and may thus miss to capture the com-

) , parably small effect the values of the actuators have. If
C.3. Known system delay.The time delay in the systém ere s a large constant component in the measurements
is known and it is bounded l. and it is known, then it can be simply deducted from the
C.4. Known system order. The upper bound on the de- reported measurements. If it is unknown, then it can be
gree of the systemis known. easily estimated using a moving average.

Property C.3 ensures that the controller knows when to exz.8. Comparable magnitudes of measurements and ac-
pect the first effects of its actuations, while C.4 ensureiator values. The values of the elementsyitk) andu(k)
that the model remembers sufficiently many prior measurshould not differ by more than one order of magnitude.

ments §) to capture the dynamics of the system. Thesg ihe measurement values or the actuator values differ con-
properties are needed for the controller to be able to oljgeraply, then RLS predicts more accurately the effects of
serve the effects of its actuations and then attempt to cqy;e higher value. This problem can easily be solved by

rect any error in subsequent actuations. If the model Ok¢ajing the measurements and actuators, so that their val-

der was less than the system order, then the controllges are comparable. This scaling factor can also be esti-
would not remember having ever actuated when the megi5ieq using a moving average.

surements finally are affected. The valuesigfindn are

derived experimentally. The designer is faced with a trade-

off: their values must be high enough to capture the causg Case studies
relations between actuation and measurements but not too

high, so that the STR remains computationally efficient. ) i
do = 1 andn — 1 are ideal values. In this section, we illustrate the systems aspects of the pre-

vious properties and the wide applicability of the approach,

C.5. Minimum phase. Recent actuations have higher im-,,:+h two examples of management problems.

pact to the measurements than older actuations do.

A minimum phase .system is basically one for which thes 1 Controllable Scheduler

effects of an actuation can be corrected or canceled by an-

other, later actuation. Itis possible to design STRs that debllere, we consider a 3-tier e-commerce service that con-
with non-minimum phase systems, but they involve expesists of a web server, an application server and a database.
imentation and non-standard design processes. In otherscheduler is placed on the network path between the

words, without the minimum phase requirement, we carglients and the front end of the service. It intercepts client
http requests and re-orders or delays them to achieve differ-



entiated quality of service among the clients. The premise 450

WFQ ——
is that the performance of a client workload varies in a pre- 400 Laten g—tgy,g§ """"
dictable way with the amount of resources available to ex- 7 w0 NX

ecute it. The scheduler enforces approximate proportional > 300 ﬁ !L ] /\V/V\HAA” )
sharing of the service’s capacity to serve requests (through- ¢ e v R

put) aiming at meeting the performance goals of the differ- 200

ent client workloads. In particular, we use a a variation of

Weighted Fair QueuinQNFQ) that works in systems with 1910 20 %0 40 50 60 70 80 50 100
high degree of concurrency. However, given the dynamic Time (seconds)

nature the system and the workloads, the same share of 11_.1

e ) .
ot ; . Igure 2:Using an STR to control workload shares in WFQ and
service's capacity does not always result in the same p

f ) 10% sh f lient It -WFQ. The graph depicts one of the workloads in the system.
ormance; €.g., a o Share for some C,'en, may resu ,W‘VFQ results in an unstable system that misses workload goals.
a average latency of 100 ms at one point in time and in

250 ms a few seconds later. Thus, shares have to be ad- .
inherent dependency of any single share (actuator) to the

justed dynamically to enforce the workload performanc%therN _ 1 shares: its value is 100% minus the sum of

objectives. To do this, we use an off-the-shelf STR to confyg ihers s a result, property C.6 was violated. We ad-

trol the scheduler. dressed this problem by simply keeping oMy- 1 actu-

According to the terminology of the previous section, theytors. The scheduler derived the value of il actuator
3-tier service including the scheduler is our system; thgom that of the others.

workload shares are the actuata(®) and the performance The system abides by all other properties. Monotonicity

me:?tsurements (latency or throughput) of the workloads a .1) may not hold for a few sampling intervals, but it does
y(t); the performance goals for th? workloads are capturel, ' on average in the long term. Moreover, we we have
oo, he scheduler could not be tuned to meet the worSe" 1. Wit an estimation period of around 1 secon.
’ . . ; an on-line RLS estimator is able to trace the system dy-
load performance goals in the service operating under @ . ith locally linear models (C.2). The noise level
typical workload. The closed-loop system often becamgamICS wit y AT
unstable and would not converge to the performance goa|g the measurements for the 3-tier service is at most 2%
and thus we chose a model update threshold of 4%. Prop-
While investigating the reasons of this behavior, we oberty C.7 (zero means) is easily satisfied by using a moving
served that actuation (setting workload shares) by the coaverage to calculate on-line a constant factor which is then
troller would often have no effect in the system. As aubtracted from the measurement values. Similarly, we use
result, the controller would try more aggressive actuatiog moving average to estimate a normalization ratio for the
which often led to oscillations. Going through the propmeasurements (C.8, value magnitudes).

erties of Section 2, we realized that C.5 (minimum phaselg

was yiolgted. WF.Q schedulers dispatch requests for P nventional (WFQ) and the modified (C-WFQ) sched-
cessing in ascending order @igsassigned to the reOIueStSulers:. The site hosted on the system is a version of the Java

upon arrival at the scheduler; the tags reflect the relativlgetStore [8]. The workload applied to it mimics real-world

Zh?;em?gaﬁfc?h\év?;klgi?' Seolﬁ?jvfer, :IJV:S?[Q ;rr]g ﬁg?;%zgtae%er behavior, e.g., browsing, searching and purchasing,

T)r/ms de eyr’1din 0?1 the ?mmber qu Leued requests in t écluding the corresponding time scales and probabilities

schec’JuIe? it mag take arbitraril Ior? for the gew share ese occur with. The fact that WFQ is not controllable
’ yta wrarly fong Pesults in oscillations in the system and substantial devia-

to be reflected on dispatching rates. In other words, the{e

. i . 1ons from the performance goals.

is no way to compensate for previous actuations. For the

same reasons, properties C.3 and C.4 (known bounds on )
delay and order) are not satisfied either. One way to a&-2 Trading off power and performance

Qr%ss this problﬁm is t?(’ji”g to inﬁr.ease thelsbampling Fr)ﬁh this case, the objective is to trade off power consumption
riod. However, this would not work in general because t gr\: performance targets (both captured/(K)) in a data

number of queued rgq_uests Wif[h oldtags depe_nds on actyal,ie by controlling the number of blades dedicated to a
workload characteristics and is not necessarily bounde\%orkload (captured i

k)). All data used here are taken
So, instead, we looked into modifying the system. In Pare o Bianchiniet al. (k)

Ul dified the basi laorith | [3]. Clearly, increasing the number
ticular, we modified the basic WFQ algorithm to recalcuzy pyages monotonically increases consumed power and

late the tags of queued requests every time shares Chan@é’livered performance (C.1). When a new blade is added,

Thus, controller actuations are reflected immediately Ofere is a spike before power consumption settles to a new

request dispatching. After this modification, properties C.gyiqhar) evel. This suggests that it would be hard to satisfy
_fC'5 are satisfied ard = 1, n = 1 for a sampling period C.2. However, other than this transient spike, the relation
of 1 second. between power and the number of blades, and between per-
Another, minor problem with the scheduler was due to thésrmance and the number of blades is steady with an error

igure 2 illustrates the performance of the system with the



of less than 5%. In order to abide by C.2, we can get rid[3] R. Bianchini and R. Rajamony. Power and Energy Manage-

off the initial spike in one of two ways: 1) by ignoring
those power measurements, using a higher sample period,

ment for Server SystemdEEE Computer37(11):68-74,
November 2004.

e.g., of several seconds; 2) by automatically factoring in[4] J. Chase, D. Anderson, P. Thakar, A. Vahdat, and R. Doyle.

this spike in the model estimation by using a higher model
order fiin C.4) with a sample period of just a few seconds.
The value ofdy (C.3) depends on the sampling period and

on whether new blades have to be booted (highgror

are stand-by (lowedp). C.5 (minimum phase) is satisfied,

Managing Energy and Server Resources in Hosting Cen-
tres. INACM Symposium on Operating Systems Principles
(SOSP)pages 103-116, Banff, Canada, October 2001.

B. Egardt. Stability of Adaptive Controllersvolume 20.
Springer-Verlag, 1979. ISBN 0-38709-646-9.

as the effects of new settings (number of blades) overridgs] J. Gray. A conversation with Jim GrapCM Queue1(4),

previous ones. C.7 and C.8 can also be trivially satisfied by
using a moving average, as described in Section 2. Thingg]
are a little more subtle with C.6 (linear independence). In
certain operating ranges, power and performance depend
linearly on each other. In those cases, the controller congg)

siders only one of these measurementy(&s to satisfy
C.6.

4 Conclusion

Designing closed-loop systems involves two key chal-
lenges. First, rigorous controller design is a hard problem
that has been an active research area for decades. The re-
sulting theory and methodology are not always approaciti]
able by the systems community. However, certain man-
agement problems in computer systems can be formulatgg)
so that designers may use automated approaches for con-
troller design or even use off-the-shelf controllers. Such
problems include meeting performance goals [10], maxi-
mizing the utility of services, and improving energy effi-
ciency [4]. Itis an open issue how other problems, such d%3]
security or dependability objectives, can be formalized as

dynamic control problems.

Thus, for a range of management problems, controller d
sign can be considered a solved problem for the syste
community. We should instead be focusing on a second
challenge that is closer to our skill set. That is, how to de-
sign systems that are amenable to dynamic control. Th%S]
paper discusses a canonical set of properties, derived from
control theory, that any system should abide by to be coht®
trollable by a standard adaptive controller. Checking for
these properties is not always an intuitive process. Even
worse, enforcing them requires domain-specific expertise,
as we saw with the two examples in Section 3. Coming u
with a systematic approach for building controllable sys
tems is an open problem that deserves further attention.
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