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Feedback Performance Control of Distributed Computing

Systems

Feedback control has been a great success story in performance
management of engineering and physical artifacts.

It is time to advance a branch of theory that addresses feedback control
of distributed software systems!
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Why Feedback Control of Software?

Claim 1: In 10 years, most computing innovation will be
focused on distributed systems that interact with the
physical world

Claim 2: They will operate under increased uncertainty

Claim 3: They will be burdened with increased
autonomy
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Where is Computer Science Research Going?

The beginning: Centralized
machines

BIE
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Where is Computer Science Research Going?

Centralized
machines
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Where is Computer Science Research Going?




Cyber-Physical
Computing

Centralized
machines
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Cyber-Physical
(Distributed) Computing

Centralized
machines
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Where is Computer Science Research Going?

Claim 1: In 10 years, most computing innovation will be focused on
distributed systems that interact with the physical world

Cyber-Physical
Distributed Systems

For example:

In the US, the Presidential Counsel of
Advisors in Science and Technology
named systems that interact with the physical
world the

#1 Research Priority in the US
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Why Feedback Control of Software?

Claim 1: In 10 years, most computing innovation will be
focused on distributed systems that interact with the
physical world

Claim 2: They will operate under increased uncertainty

Claim 3: They will be burdened with increased
autonomy
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The Mounting Uncertainty

Larger (distributed) systems
Higher connectivity and interactive complexity

Increasingly data-centric nature

- Time it takes to execute is driven by data

-~ Worst case is too pessimistic or unbounded

More complex sensing at higher-level of abstractions
- Data mining engines to convert data to actionable information
Increasingly hybrid nature

— Fusion of digital, analog, social, and biological models to
understand overall behavior
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Evidence by Example:
The Real-Time Scheduling Theory Roadmap

3 R eess

=
Fully specified \\
(1) task set,
(2) arrivals,

(3) res

Trend:

Relaxing Workload

Assumptions!
B
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Evidence by Example:
The Real-Time Scheduling Theory Roadmap

Claim 2: A significant challenge will be one of providing guarantees under uncertainty

T

Fully specified \\
(1) task set,

(2) arrivals,

Trend:
Relaxing Workload
Assumptions!
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Why Feedback Control of Software?

Claim 1: In 10 years, most computing innovation will be
focused on distributed systems that interact with the
physical world

Claim 2: They will operate under increased uncertainty

Claim 3: They will be burdened with increased
autonomy
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Factor #1: Device Proliferation (By Moore’s Law)
RFIDs _ é

_\!../_,.,--

Industrial
cargo, machinery
factory floor, ...

"W . .
1 :_ Applications

“Sensor Networks”

* Unattended multinop
ad hoc wireless

e T
b e AT B

Smart Spaces,
Assisted Living

15 Medical
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Factor #2: Integration at Scale (Isolation costs!)

Low end: ubiquitous embedded devices High end: complex systems
= Large-scale networked embedded systems with global integration
= Seamless integration with a physical environment = Examples: Global

Information Grid, Total Ship
Computing Environment

Picture courtesy of
Patrick Lardieri T ==

o ————
|

rree IR

Total Ship Computing Environment Global Information Grid

(TSCE)

Integration
and Scaling
Challenges

o

World Wide Sensor We&
(Feng Zhao)

16<Low End

g Future Combat System
(Rob Gold)
High End|




Factor #3: Biological Evolution
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Factor #3: Biological Evolution

. It's too slow!

- The exponential proliferation of data sources (afforded by Moore’s Law)
iIs not matched by a corresponding increase in human ability to
consume information!
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Confluence of Trends

The Overarching Challenge

-0

Trend2: Integration at Scale

(Isolation has cost)

D

Trend1: Device Proliferation
(by Moore’s Law)

Trend3: Humans are not getting faster
19
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Confluence of Trends

The Overarching Challenge

Trend2: Integration at Scale
(Isolation has cost)

Core Challenge:

Autonomous Distributed Systems
‘ of Embedded Devices

Trend1: Device Proliferation
(by Moore’s Law)

Trend3: Humans are not getting faster o
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Confluence of Trends

The Overarching Challenge

Trend2: Integration at Scale
(Isolation has cost)

Core Challenge:

Autonomous Distributed Systems

‘ of Embedded Devices
Trend1: Device Proliferation ‘
(by Moore’s Law) a0 W0 mg,‘\ca\

Trend3: Humans are not getting faster o
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Why Feedback Control of Software?

Claim 1: In 10 years, most computing innovation will be
focused on distributed systems that interact with the
physical world

Claim 2: They will operate under increased uncertainty

Claim 3: They will be burdened with increased
autonomy
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Examples

Distributed vehicular traffic control algorithms for mass (e.g., city scale)
evacuation in disaster scenarios

— Hundreds of thousands of vehicles

- Poor communication infrastructure (mostly vehicle to vehicle communication)

- Complex time-varying underlying topology (accidents, gridlock, obstructions, ...)
- Need for personalized directions to balance load, optimize throughput, etc.

Large energy-optimal data centers

- Tens of thousands of machines

— Hundreds of performance management knobs, including computing and cooling
- Time-varying demand on multiple time scales

- Need to minimize energy (cost) while meeting service-level agreements

Utility optimizing wireless ad hoc networks

Information Society
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Feedback Performance Control of Distributed
Software Systems

. Software performance optimization is a resource
management problem

- Resource allocation and scheduling are adjusted dynamically in
response to external stimuli to optimize an objective while meeting
constraints

. A key challenge: bridge the levels of abstraction

- Software: tasks, priorities, deadlines, queues, arrival times,
precedence constraints, ...

— Control: state variables, deviations, dynamic models, stability
conditions, ...

. A key challenge: formulate and solve a control problem
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Bridging the Levels of Abstraction: An Example

Computing DD ]

Tasks [ O Using feedback control to remove deadline misses
while maximizing throughout:

[] « Compute an aggregate workload or utilization bound
- such that all tasks are schedulable if bound is not
(Task) exceeded.
flow valve » Control the aggregate workload not to exceed the
bound (a form of level control).
Utilization | Bound > >
Bound
Feedback Control
Actual
Utilization Completed

BYE

25 @ inkrmgtion Society




Software Queues: A Unifying Construct in
Software Performance Control

Predict statistical

werties

Analyze timing as a
function of queueing
policy

Real-time
Scheduling
Theo

Design feedback
loops to control
dynamic behavior

26 B
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Example: A Web Server Model

Why web servers can be modeled by difference equations!

Input HTTP requests
/\

IP Packet
Queue
TCP Listen l

Queue

Web Server Model

Blocking f — || Thread

I/0
Queue

s

Unblocking

CPU Ready
Queue

Execution

&

— 1 Send reply

TCP Output
Packet Queue

Done

27
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Distributed Software Performance Control

Computing DD O

Tasks N Feasible Regions

O
]

Schedulability

D .
Analysis

Distributed Eeasible Hf-» >

egion
Resource Boundary

Queues Resource Scheduling Feedback Control

v

Scheduling
Theory

Control
Theory

[RE
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Distributed Software Performance Control
Part |: Bridge the abstractions: low-level metrics = queue state

Schedulability

Analysis ‘

Feasible I
Region

Boundary

Feedback Control

Control
Theory
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Distributed Software Performance Control
Part |l: Formulate and solve a (queue state) control problem

]

Computing &
Tasks .
O

[]

O
Distributed
Resource
Queues Resource Scheduling

Scheduling
Theory

30
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Bridging the Abstractions: A Schedulability Study

Requirements on meeting deadlines - utilization (queue state) - performance control

Computing DD O

Tasks N Feasible Regions

O
]

Schedulability

D .
Analysis

Distributed Eeasible Hf-» >

egion
Resource Boundary

Queues Resource Scheduling Feedback Control

v

Scheduling
Theory

Control
Theory

[RE
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Bridging the Abstractions: A Schedulability Study

Requirements on meeting deadlines - utilization (queue state) - performance control

Schedulability
Analysis

Feasible
Region

Boundary ‘

«

L

Feedback Control

Control
Theory
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Bridging the Abstractions: A Schedulability Study

Requirements on meeting deadlines - utilization (queue state) - performance control

Feasible Regions

Schedulability
Analysis

Feasible
Region
Boundary

\ 4
v

Feedback Control

Control
Theory

L
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Relaxing the Periodicity Assumption

Is there a utilization bound such that a system of
aperiodic tasks arriving at arbitrary time instances meets
all deadlines as long as the bound is not exceeded?

If so, this bound would make a good control set point.

Information Society
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Aperiodic Tasks and /nstantaneous Utilization

Instantaneous utilization Uyt) is a function of time, ¢

U(t) is defined over the current invocations

- U@ =2 C/D,;
_ em |
e D’\
< D >
- |
Ps ] |
‘
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Aperiodic Tasks and /nstantaneous Utilization

Instantaneous utilization Uyt) is a function of time, ¢

U(t) is defined over the current invocations

}_\ ‘ U(t)_Z;CZ/Dz\

h | Arrived but deadline
P > has not expired
D1‘

D, ‘
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Fixed versus Dynamic Priority Scheduling

Fixed-priority scheduling:

— All invocations of a task have same
priority

Dynamic-priority scheduling:

— Invocation priorities may not be the
same

What about Aperiodic Tasks?

— Equivalent for fixed priority
scheduling?

37
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Arrival-Time-Independent Scheduling

Fixed-priority scheduling:

— All invocations of a task have same
priority

Dynamic-priority scheduling:

— Invocation priorities may not be the
same

Arrival-time-independent
scheduling:

— Invocation priorities are not a function
of invocation arrival times

Information Society
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Why Arrival-Time Independent Scheduling?

Easy to implement on current non-real-time operating
systems with fixed-priority support (e.g., UNIX, the #1 OS
for web servers)

- Requires a finite number of priority levels

— Periorities are statically assigned to threads

.
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L T



a8

F ¥

A Sense of Optimality

. A scheduling policy is optimal in a class if it
maximizes the schedulable utilization bound among
all policies in the class

. "Backward Compatibility”:

- Rate monotonic is the optimal fixed-priority policy (for
periodic tasks)

- EDF is optimal dynamic-priority policy

— New: Deadline monotonic is the optimal arrival-time
iIndependent policy

40 Information Soclety
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Deriving a Utilization Bound for Aperiodic Tasks

Main idea:

. Minimize, over all arrival patterns ¢, the
maximum U 1) that precedes a deadline

violation
LQ@r:ZiC%Di
A |_
4,—'7‘|_|_|_|7 Maximum
U
— y 4 ;5 L
Deadline
Violation

41
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Quick-and-Dirty Derivation

. Observe that each task i contributes C,; to the
area under the U, (1) curve — see figure

below.
UA1)

A |_

4|—|7 Maximum
e

— | | ! Ué(t) . f

p C/D. Deadline
L Violation

42
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Corollary

. The total area under the U,(7) curve is X C,
carried over all arrived tasks

Ut)

A I_
4,—'7 ’_I_I_li Maximum
| _'Iﬁ I ;5 t

" p C/D. Deadline
L Violation

43
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A Geometric Interpretation

. Minimize, the sum X C; across all
unschedulable patterns. Say minimum is C

min

. Minimize curve hight while area = C
U1 }

min

bound

A |_
_j__j__r—r_ '
___f———r_ Maximum
U
— ) 0 - ot

Deadline
Violation

44
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A Geometric Interpretation

. Minimize, the sum X C; across all
unschedulable patterns. Say minimum is C

min

. Minimize curve hight while area = C
U1 }

min

bound

A |_
_j__j__r—r_ '
___f———r_ Maximum
U
— ) 0 - ot

Deadline
Violation

45
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Main Result

. A set of aperiodic tasks is schedulable using an

optimal fixed-priority policy if:

1
U(z)sH\E

s
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Main Result

. A set of aperiodic tasks is schedulable using an

optimal fixed-priority policy if:

1
U(z)sH\E

S

58.6%

g
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More Main Results

. A set of n recurrent tasks is schedulable using an
optimal arrival-time-independent policy if:

U(t)<5+73; n<3

1
U(r) < n>3
% 1+ (1=55)

This bound is tight

[ :
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Example of Tightness

Consider n=2

D/2 ‘ D

v
v

v

U(t) = 0.75

49 L1z
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Utilization Control

. Controller scales CPU speed, w, to the slowest
value that keeps measured instantaneous
utilization below the bound

(]zound
> | Actuator g >
Control g (([:)?/S()) g Server >
w
) . . requests
Synthetic Utilization |

1 Counter, U
U (t) _ Ucoum count

w

BOE
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Bridging the Abstractions

Transform fine-grained performance requirements into aggregate state variables that
are easy to control

o1

Schedulability
Analysis

Feasible
Region

Boundary ‘

L

Feedback Control

Control
Theory
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Main Results in Schedulability of Multistage
Execution

Let U, U,, ..., U, be the utilization values of » machines

The end-to-end deadline of a task T traversing the »-
machine path is met if:

$UA-U2)

— Task T
i=l1 1 o Ui /
Machine 1 Machine 2 "= owm Machine n
(]) (]? (]ﬁ
BYE
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Main Results in Schedulability of Multistage

Execution

. A Multidimensional utilization bound

M iUi(l_Ui/z)Sl

Task T

v

i=1 1- Ui
Machine 1 Machine 2 "=
U] UZ

53

Machine n

U

n
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Main Results in Schedulability of Multistage
Execution

e

. A Multidimensional utilization bound

e

$UA-U2)

i=1

1-U,

Reduces to

<—

U(t)ﬁpng

for a single stage

Task T

v

Machine 1

U,

Machine 2

U,

Machine n

U

n

Information Society
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Optimization Subject to Schedulability Constraints

Schedulability surface
. Intersect the schedulability °Pectvefuncton - UUd-U/j2)
surface of the system with

objective function

Set point i=1 1-U,

. Find optimal point on
intersection curve

. Use run-time feedback
control to measure and
correct performance
dynamically to reach
optimal.

55 Inforrration Soclety
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Main Results in Schedulability of Multistage

Execution
. Tight Bound! Worst case scenario: cross traffic

Task T
l l " U(1-U, /2 l /
le ,(1_Uf/ )31
Machine 1 Machine 2 "= Machine n
l]) l]? ljk

56 BYE
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Main Results in Schedulability of Multistage

Execution
. Worst case scenario: cross traffic

Task T
l l " U(1-U, /2 l /
le I(I—Ul./ )31
Machine 1 Machine 2 "= Machine n
U] UZ Un

What if all tasks follow the same multistage path?/

Z
m\\m Maehine2 ﬂ—-—-—/M

U, U, U

n

57 BYE
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Main Results in Schedulability of Multistage

Execution
Worst case scenario: cross traffic

Task T
l l " U(1-U, /2 l /
le I(I—Ul./ )31
Machine 1 Machine 2 "= Machine n
U, U, U, Task T
and others

What if all tasks follow the same multistage path?
\ Better schedulability! Adversary has fewer degrees of freedom!

m\h‘m\ —Machine 2 -—I—-—/M
U]

U, U, _
58 BE
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Main Results in Schedulability of Multistage
Execution
. A fundamental question:

- How does delay of a low priority task Tm depend on execution
times of higher priority tasks on multiple stages of its path? .\ 1

and others

N

3

m\m\ Machine 2 . — ine n
(])

U, U,

59
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Delay Composition in Pipelined Execution

Many jobs, one stage Many stages, one job
J1
g | J1]92]J3 N S >
1 ti _
me | o J1 , Delay | ZCLJ-
7 ] Estages
Delay = Zb C,, s, i
1€ jobs

Many jobs, many stages

= ?
J2 | J1 Is Delay= ) > C,;°
S1 > iejobs jestages
Sy ] > Is Delay < Z Z C., 9
S J1 | J2 i€ jobs jestages
° >
time

BYE
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Delay Composition in Pipelined Execution

Task Tm
C and others

2n

C1,1 C2,1 C1,2 C,, Cl’

C C,.
N o oo //
%\mm\ Maehine2 .—.—.—/jlat;/hme/n

iC1,1\ C2,1 C3,1 C41J\

Delay < Z maxC. . +Z maXC Cia | Coa Caa Gy
alistages " iamalsages e e e,

o e ¢, |c,. . C.

1) T2 Tae Tas

61
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Delay Composition in Pipelined Execution

Task Tm
C and others
2

: C n
\ Cs Car (33’2 C4:2 C3,r; Can j
AN | 2

T [N T

(max C;; max C;, max C;; max C;;)) max C ;- max C3;  max C,; max C,
\ | ;
¥ Y
Virtual execution time Virtual queueing delay
Delay < Z maxC. . +Z max C;
allstages jobs oo allstages b

62
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Properties

. Results applicable to both periodic and aperiodic tasks

. Results applicable under any priority-based scheduling policy where
prioritization is consistent across stages
C1,1 C2,1 Cl’2 sz Cl,n C2,n

C ’ C4n

x Cs,p 4l Cs, Cyn Csp 4

}ach\we\ Machine 2 ﬂ—.—.—/jla%en
T

M e

AN

(max C;; max C;, max C;; max C;)) max C ,;--- max C3;  max C,; max C, ;
\ | }
Y Y
Virtual execution time Virtual queueing delay
Delay < Z maxC. . +Z max C,
63 allstages Jobs jobs allstages

Fd
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General Observation

For each shared segment of the path that a higher priority task
shares with a lower priority one in a distributed system, the former
delays the latter by at most its max computation time over the

segment.
C1,1 C2,1

X o - Cs, Caz
}ach\we\ Machine 2 ﬂ—.—.—/jlﬁe/wme/n
T

Cl C2,n

N

C
C3’n 4,n

AN

(max C;; max C;, max C;; max C;)) max C ,;--- max C3;  max C,; max C, ;
\ ) ;
Y Y
Virtual execution time Virtual queueing delay
Delay < maxC; +» max C;
y= Z jobs Z allstages b

6 4 allstages 1
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A Reduction-based Approach to Distributed

System Analysis?
Control theory

Circuit theory — Kirchoff's laws - analyze current and

voltage
al P | — ication flow graph
I ! ﬁlﬂgﬁ?lsqtributed system
‘ Block/diagre
reduction
Q X ®

e P > R /6
: . ; » 4" “
') Y

Reduce schedulability problem on distributed system to
problem on uniprocessor?

BYE
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A Recent Result: Delay Composition Algebra

. A compositional algebraic framework to analyze timing
Issues In distributed systems

— Operands represent workload on composed sub-systems

- Set of operators to systematically transform distributed real-time
task systems to uniprocessor task-systems

- Traditional uniprocessor analysis can be applied to infer
schedulability of distributed tasks

. Less pessimistic than traditional analysis with increasing
system scale

6 6 In r""ﬁ";ﬂ&.ﬂms“"“
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W = SPLIT (W1)
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W = SPLIT (W1)

Example: &

6 8 In r""ﬁ";ﬂ&.ﬂms“"“
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W=SPLIT(W1)

R PIPE
[
Example: ..

-~ -
~ . —’f
e = -

\Q/Q BOE

6 9 In foﬁﬁa;ﬁnmb'oclew
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W = SPLIT (W1)

Example:

\Q/Q BOE
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W = SPLIT (W1)

Example:

— T — oy
” ‘\

-—y -
“————’
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W = SPLIT (W1)

Example:
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

W = PIPE (W1, W2)
W = SPLIT (W1)
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W = SPLIT (W1)

Example:
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

W = PIPE (W1, W2)
W = SPLIT (W1)

Example:
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Delay Composition Algebra

Two operators that apply to node workloads while
simplifying the resource graph

. W = PIPE (W1, W2)
. W = SPLIT (W1)

Example:

O
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The Workload Matrix

Each cell i,j holds the delay that job i imposes on job j in
the subsystem that the matrix represents.

Example: System consisting of four jobs (J,-J,) of which
only J,, J,, and J, execute on the stage

[ J1 Jo J3 J4 \
Ji | (€. 0) (C1.5.0) (0.0)  (C1;.0)
J> | (0.0) (C2.5.0) (0,0)  (C2;5.0)
Js | (0,0) (0.0) (0,0) (0,0
T | (0,0) (0,0) (0,0)  (Cys.0)
\ Crj mar(Cr;.Coy) 0 ;*n:j ,(C(::j) /

7 7 In fom&ﬁnmb'oclew
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The Operators

Jy Ja Ji g2
Ji ("-Iid‘,h ?‘id‘,i) (f-?idj;zu ?“1‘1‘,2) J1 (Q‘Eh Tig,j) (t}‘fz, Tf-z)
J2 (0,0)  (gd2,732) | PIPE | J2 (0,0)  (g22,722)
si 59

o Gnanaf af), nar(afty, afa)
! ina;r:(rf'j_l , rl‘?l)) :-‘:r‘.-,a;r(;r‘fz, r‘ﬁg)}

— (max(qsy's. qE_". ),
J2 ©.0) max( r“gf__ ; 1‘2‘% ;) )
N RIS S
( Jy J \ Ji Jo Ji Ja
T (g1 r)  (dhes7i) Ji| (gia,rin) (0,0) | |Ji](0,0) (0,482 +712)
SPLIT |Jo| (0,0)  (ghs,rdy) | =] (0,00 (0,0) |, | 2] (0,00 (g5, rss)
\ st 53} / 81 0 0 5
BYE
78

Information Society
L T



79

704

Average Per Stage Utllization

Schedulability Analysis Results

0.5 T r
Traditional ——+—
0.45 | Traditional using RTA < -
Meta-schedulability test using LL -2k~
04 k Meta-schedulability test using RTA -3 i
| Holistic Analysis
0.35 F -
[] e E' .......... ST D ...................... E]
0.3 %
0.25 -
0.2
0.15
0.1
0.05 A 1 A ] " 2
3 4 5 6 7 8 9 10

No. of Stages

BE
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Impact of Delay Composition Algebra

. A simple approach to transform arbitrary task graphs into
equivalent uniprocessor workloads amenable to existing
analysis techniques

. Transforms schedulability conditions of a distributed task
set into a utilization bound (queue state) amenable to
control

. Opportunities for future research:

- Needs extension to resource blocking (mutual exclusion
constraints), spatially partitioned resources (as opposed to
prioritized), transactions (multiple resource acquired in an all-or-
nothing fashion), ...

— Advantages: simplicity, scalability.
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Distributed Software Performance Control

Requirements on meeting deadlines - utilization (queue state) - performance control

Computing

[]
0 [

O

Tasks

]

O

Distributed
Resource
Queues

Part |
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Distributed Software Performance Control

Requirements on meeting deadlines - utilization (queue state) - performance control
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-Control of Performance Tradeoffs in Distributed

Systems
Utility (of global effect)

Time

Raw inputs from physical world
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-Control of Performance Tradeoffs in Distributed

Systems
Utility (of global effect)

Time
constraint

T COI’ltI’Og /
%@/

Raw inputs OptimL( %R

Time

Feedback control solutions for
constrained performance optimization? 0

e
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A Methodology for Applying Feedback Control to

Software

Mapping: Performance management problem - Feedback
problem

- Determine the controlled performance metric (output) and its
desired value (set point)

- Determine the available actuators (input)
- Map the performance control problem into a set of control loops
Modeling:
- Model the input-output relation as a difference equation:
Output, = %, a; Output, ; + . b; Input,
Controller design:
- Use control theory to find function £, such that:
Input = f(set point — output) makes output = set point

85 @ inkrmgtion Society
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Control Examples in Distributed Systems

Case 1: Centralized control, centralized actuation
Case 2: Centralized control, distributed actuation

Case 3: Distributed (localized) control and actuation
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Control Examples in Distributed Systems

Case 1: Centralized control, centralized actuation
Case 2: Centralized control, distributed actuation

Case 3: Distributed (localized) control and actuation
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Experimental Testbed and Evaluation

A real-time computing cluster is developed under Linux

4 worker Linux PCs connected by 100Mbps LAN to a front-
end load distributor

P| controller Delay element (sampling) + lag (moving average)
Iy Admission
Control Apache: web interface -
‘ LAN CGI: request processing Static gain
Incoming _
Aperiodic tasks | Load FFF ' Throughput,
(HTTP/TCP) |Distributor j " 1"|Real-Time zation,
-1 | Server

Sensin\\\/% e
| \/ Measurements
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Server Utilization

Utilization-based admission control does not underutilize server

Cluster Utilization

120
100
80
60
40
20
0

89

4
4

///*%%%7' ~No AC

—-— AC

40

50 60 70 80 90 Request
Rate

BOE
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Miss Ratio Profile

Utilization-based admission control improves task success ratio

% missed or rejected requests

90
80
70 : : //
co Missed Deadlines / Rejected
(No AC) T~/ (with AC)
50 / / —-—No AC

. A i
2o [
. .

0 » » / . ' '
40 50 60 70 80 90 Request
Rate (req/s)
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Control Examples in Distributed Systems

Case 1: Centralized control, centralized actuation
Case 2: Centralized control, distributed actuation

Case 3: Distributed (localized) control and actuation
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Control Examples in Distributed Systems

Case 1: Centralized control, centralized actuation
Case 2: Centralized control, distributed actuation

Case 3: Distributed (localized) control and actuation

0

Information Society
L T



HopH

- _artint
Energy Management in Server Farms

Energy expended on:

Computing (powering up racks of machines)
— Sensors: Machine utilization, Delay, Throughput, ...
— Actuators: DVS, turning machines On/Off

Cooling

- Sensors: Temperature, air flow, ...

— Actuators: Air-conditioning units, fans, ...

Energy bill is 40-50% of total profit

s
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Problem Formulation

Step 1: Formulate objective and constraints

Control knobs

(—A—\
min fa, ... x,)

L1,y Ty

subject to g;(z1,...,2,) <0, j=1,...,m

Step 2: Determine optimality conditions (KKT)

3f(5131,...,33n) | m 6gj<5517-755n> _
[y dx; | Zj:l Vi Ox; =0

Step 3: Set up control loops
— — Set point
— — /
rX1 - raverage

I'x, [Ix, =

Information Society
L T
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A Server Farm Case study

Tier 1 Tier 2 Tier 3
requests
o o o
o o o
o o o
L f2 £3 Find knob settings, (m1, m2, m3, f1,
m1 m3 f2, £3) such that energy

\ / consumption is reduced

Composed distributed middleware

On/O

BYE
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Formulation

Formulate constrained optimization

P(f)=A;- [P+ B, Power estimation of a machine at tier i
[ — A — Ai/mi _ N\ Queuing equation using number of
YT T fi T omaf

machines and arrival rate

\r A L .
PAUs,mi) = A; - (U/.\;n‘) +B =A% 4+ B, Power est_lmatloq fu_nctlon
i i M of a machine at tier i
Ming >0, m,>0 Lot (Ui i) = S5 m; (% 1 Bi) Find best composition of
3 ﬁ Uz . (m1, m2, m3, U1, U2, U3),
= h £ f, f
subject to  ~ , ence (m1’ My, Mg, T4, Ty, 3)
i=1 BrE
96 Bt
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Optimality Conditions

. Derive necessary condition for optimality
— Karush-Kuhn-Tucker (KKT) condition

AN(=U)? _ A3(1=U2)? _ A3(1-Us)”
m?U{l "mgUQ4 mgUgl

F(mb Ul) — F(m27 UQ) — F(m37 U3)

Error,=T,,,-T(m, U,), where ', , is average of '(m;, U))

avg

BYE
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Evaluation
DVS + On/Off

340 w ' ' ‘ /
OnOff+DVS (Independently) ——+—
390 | OnOff : |
DVS -
g 300 | Our Approach [ DVS alone
g 280+ /
Dcz K
5 200 On/Off alone
g I
= 240 |
e
9
@ 220 | -
N S I
g o20p timal
18007 . N
160 ‘ ' ' ‘

350 400 450 500 550
# Emulated Browsers
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Control Examples in Distributed Systems

Case 1: Centralized control, centralized actuation
Case 2: Centralized control, distributed actuation

Case 3: Distributed (localized) control and actuation
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Control Examples in Distributed Systems

Case 1: Centralized control, centralized actuation
Case 2: Centralized control, distributed actuation

Case 3: Distributed (localized) control and actuation
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Example: Flow Rate Control in a Wireless
Network subject to Delay Constraints

Problem: Allocate rates to elastic flows in a wireless
network so as to maximize network utility, while
meeting end-to-end delay requirements

BOE
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H VvV U ———
Problem Formulation

Step 1: Formulate objective and constraints

Control knobs

(—l—\
min flay, ... x,)

L1,y T

subject to ¢;(z1,...,2,) <0, 7=1,...,m

Step 2: Decentralize the constraints: ZTermi <0
i=l,...n

becomes

> Sum, = Term, + Sum,_,, Sum <0
Step 3: Determine optimality conditions (KKT)

3f(5131,...,513n) | m agj(x17°7xn) .

Step 4: Set up control loops
x,(k)=x,(k-1)+C.h(v,,...,0,)

v, (k)=v,(k-1)+G y(x,,..,x,) CHE
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Decentralizing the Delay Constraint

> For each flow s and hop /, define additional
variables to hold the value of the left hand side of
the constraint for hops / and up to the destination

» Each node only requires value from immediate
downstream node

» Source constraint compares end-to-end delay to

deadline
O Ratio of delay on all downstream
nodes to deadline
______________ O --------> message
~

1 03 infowﬁﬁnmb'oclew
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Simulation Setup

Implemented on ns2
50 nodes placed uniformly at random
802.11 with prioritized scheduling; DSDV routing

5 elastic flows, 3 priorities with no. of flows in each in the ratio 1:2:4
(for high:medium:low) — end-to-end deadlines 2, 4, 7s

YV V V V

A\

Algorithms:

»» No rate control

< NUM w/o delay constraints performs only rate control based on
capacity constraints

< NUM with delay constraints performs rate control based on
capacity as well as delay constraints

> Utility function

< Importance proportional to urgency

< Importance same for all flows regardless of urgency
(‘Eq. Util. Flows’)

Information Society
L T
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H VvV U ———
Simulation Results

‘:lg 1 1 1 1 1 1
Mo Rate Contral s
08 MUIN without Daley Constraints -
MLIM with Disley Constraints — £
a7 | MUK withowt Dieley Constraints - BEq. LKL Flows == =
) MU with Delay Constraints - Eq. UL Flows = <l =
- 1
. s | ! i
; i
L .
= 1
2 |
3 i
| . .
= T Low Priority Flows
JI. T 1 1 T 1 1 1
i o Mo Ratie Control s
7 MM withaut Delsy Constraints
B i MNUM with Deday Constraints — €—
. =" 98 | MU without Delsy Constraints - Eg. Rl Flows <« =
a 25 50 75 100 125 204 MU with Dielay Constraints - Eg. &L Flows = =i =

Traffic Generation Rate {Kops)

High Priority Flows

8 25 50 75 100 125 200

Traffic Ganeration Rate (Kbps)
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Conclusions

Emerging distributed systems will feature increased scale,
interaction with a physical environment, uncertainty, and
autonomy

We need analytic tools for predicting and controlling the
temporal behavior of such systems

Theoretical foundations are needed to bridge the gap
between software and feedback control abstractions

A theory is developed for translating schedulability constraints
In a class of distributed systems into constraints on utilization
(or virtual queue) metrics

These constraints can be decentralized leading to localized
algorithms that collectively converge to global optima

The feedback control problem derives from an optimization
problem: The distributed system as an iterative optimizer

106 @ g o
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A Summary of Challenges

What are other general categories of fine-grained
constraints that can be converted to aggregate state
variables amenable to control?

How to translate desired global properties into localized
protocol interactions?

How to model nonlinearities specific to software?

How to incorporate complex information extraction
algorithms (e.g., data mining) in control loops?

How to achieve convergence in poorly structured
evolving systems? (e.g., mobile ad hoc networks,
changing connectivity, non-uniform resource denS|ty,
etc.)

107
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Backup: Instantaneous versus Real Utilization

An important property is that:
avg. instantaneous utilization < avg. real utilization.
- Hence, server is not underutilizaed!

Proof:

Real utilization = 1
Synthetic utilization < 0.58

[ :
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Simulation Results (2/3)

150 T T T T T T
Mo Rate Contral s
MLIN without Deley Constraints
125 | MLUIN with Dalay Constraints — ©—
MUIM without Dalay Constraints - Eq. LKL Flows = =0 -
NLIM with Delay Constraints - Eq. Ll Flows = &=
1
100 F i
4
Fi-l -
50 F - . .
Low Priority Flows
25 = 10 T T T T T T
Mo Riate Contrgl s
MU without Delsy Constreints
a \ . \ \ \ \ MUK with Delsy Constraints — £—
MUM without Delay Constreints - Eg. L&l Flows - -0 =

a 25 50 75 100 125 20
75 I MU with Deley Constraints - BEg. &L Flows = = =
Traffic Generation Fiate | Kops) d B

High Priority Flows

Throwghput (Kbps

L 25 50 75 100 125 200

Traffic 3 ian B Kb j
109 r aneration Rate (Kops) gy z
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Simulation Results (3/3)

120 T T T T T T
110 | No Rate Coniro| e |
. NUM without Delay Constraints
2 100} NUM with Delay Constraints — €~ |
9 No Rate Control - Eq. Util. Flows ==@= :
£ 9F NUM without Delay Constraints - Eq. Util. Flows = =& =i+
3 NUM with Delay Constraints - Eq. Util. Flows =+«
'g 80 r .
g 70t :
0
§ 60 | .
3 ..
T 50 1 Low Priority Flows
g 40 r 7 T T T T T T
S 30t i 18 No Rate Control s
g . NUM without Delay Constraints
2 20 12 16} NUM with Delay Constraints = € -
. K] No Rate Contral - Eq. Util. Flows = =@= :
10 ‘,-"""'""J'i,l-;-'.' hl.-_'-: coRoc solloes cecssoceccr® (£ 11| NUM without Delay Constraints - Eq. Util. Flows = =& =1 ]
0 - . . e ALL] LLLLETTTRTT T E NUM with Delay Constraints - Eq. Util. Flows r11mu
0 25 50 75 100 125 200 § 12 | :
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