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Outline

• Background

− Virtualized data center
• Server consolidation and virtualization

• Challenges in workload management

• Control basics

• Case studies

− CPU utilization control [DSOM’05]

− Application response time control [ACC’06]

− Predictive control

• Temporal prediction [NOMS’06]

• Performance models [FeBID’07]

− Multi-input multi-output control

• Memory + CPU control [IM’09 MiniConference]

• CPU + disk control [Eurosys’09]

• Summary
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Virtualized data center
A large-scale shared hosting platform

• Virtualization enables 
resource sharing

− Improved utilization

−Higher compute density

−More efficient

• Issues

−Reduced performance 
isolation

−Service levels more 
susceptible to workload 
variations
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Challenges
Need for adaptive control approaches

• Most applications show multi-modal 
behavior

− Certain operating regions “uncontrollable”

• Metrics of interest do not change with 
resource quantity

− Operating regions shift with workload

• For a given change in metrics, different 
quantity of resource is needed in the 
different regions

• Manually tuned or time-invariant 
techniques are in-appropriate

− Do not support wide range of workloads

• A threshold appropriate for workload 
“valleys” is inappropriate for “peaks”

− Not amenable to automation

• humans are in the loop
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Z. Wang et. al, “Utilization and SLO-based control for dynamic sizing of resource 
partitions,” DSOM’05.



Key technology enablers
Server consolidation and virtualization

• Container: encapsulates a share of server resources

− CPU, memory, network I/O, disk I/O

− Provides performance isolation

• Actuator: APIs for dynamic resource allocation to 
containers

• Controller: Workload management tools (e.g., HP WLM) 
can dynamically size a container to maintain a target 
utilization
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Utilization control
Controller and setup
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Computer 1: LPr Netserver, 
Pentium III, Red Hat Linux 7.3 
(kernel 2.4.18), Httperf

Computer 2: Dual processor, 
HP 9000-L server, PA-RISC 
processor, HP-UX B11.11, WLM 
3.0, Apache server
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Z. Wang et. al, “Utilization and SLO-based control for dynamic 
sizing of resource partitions,” DSOM’05.
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Utilization control:
Comparison of feedback control vs adaptive control
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Response time control
Controller and setup
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Response time control:
Comparison of feedback control vs nested adaptive control
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Predictive control
Enterprise workload
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Predictive control (1)
Controller and setup
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Control Structure:

Linux/Xen
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Predictive Control
Comparison of feedback control vs predictive control
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Predictive control (2)
Controller and Model
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Control Structure:

Z. Wang et. al, “AutoParam: Automated control of application level performance in 
virtualized server environments,” FeBID’07.

 

C3 

C2 

E1 

MRT (Mean Response Time)
 

+ 

RT
ref 

N  (Transaction Mix) 

 

Feedback 
Controller 

Client 
Feed-Forward 

Controller 

U
mdl 

U U 

- 

Utilization 
Controller 1 

+ 

WWW Server 

App. Server 

DB server 

RT 

AutoParam 

Utilization 
Controller 2 

Utilization 
Controller 3 

E2 

E3 

C1 

U1 
ref 

U2 
ref 

U3 
ref 

TUC

TFB

TFF

))1()(()1()(  kUUkGkEkE t
ref
tttt

20,/)1()(   ref
ttt UkCkG

refrefFB RTmRTRTGmUmU /))1(()1()( 
















 



t mdl

it

mdl
it

j
ij

j
ij

j
ijj

ref

U

U

N

T

N

N
RT

1

2

0 50 100 150 200 250
0

200

400

600

800

1000

1200

min

tr
a
n
s/

m
in

 

 

Trans A

Trans B

Trans C

Transaction Mix

0 50 100 150 200
150

200

250

300

min
m

s
e

c

 

 

MRT Estimated

MRT Measured

Model Accuracy

TUC < TFB < TFF       (10, 30, 90 sec)

• Top 3 transaction types in an enterprise application

• Average workload intensity --- 25 transactions/sec

• These three types account for 62% of all transactions
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Comparison of feedback control vs feedforward control
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Multi-Input Multi-Output Control
Joint control of memory and cpu
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J. Heo et. al, “Memory overbooking and dynamic control of Xen virtual machines in 
consolidated environments,” IM’09 mini-conference MC07.
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Multi-Input Multi-Output Control (2)
Joint control of disk and cpu
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P. Padala et. al, “Automated control of multiple virtualized resources,” Eurosys’09.
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Multi-Input Multi-Output Control (2)
Joint control of disk and cpu

P. Padala et. al, “Automated control of multiple virtualized resources,” Eurosys’09.

Testbed setup

Managing bottleneck changes

Scalability Tests



Summary

• Managing application performance in virtualized 
environments is a challenging problem

• Control theory based approaches offer solutions

− On-line adaptation to environmental changes

− Rapid response to transient disturbances

− General techniques take advantage of significant body of literature

• Proven using case studies

− Utilization control

− Application response times and throughput

− Performance differentiation

• Integration with other workload placement, admission 
control, and capacity planning techniques
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