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Real-Time Systems

Jeffay/Goddard

Introduction

0 We have looked at systems consisting exclusively of
hard real-time tasks and systems consisting of real-time
and non-real-time tasks.

» In both cases, we assumed that all jobs were scheduled
according to normal real-time scheduling disciplines.

0 We now look at another way of integrating real-time
and non-real-time computing: Fairness

» Proportional Share Resource Allocation, Stetcal. (1996)
» P-fair Scheduling, Baruadt. al. (1996)

0 We will show that the notion of Fairness can be used to

executejobsin real-time.
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Proportiona Share Concept

0 Processes are allocated a share of a shared resource:
» arelative percentage of the resource’s total capacity.
0 Processes make progress at a uniform rate according to
their share.
0 OS Example — time sharing tasks allocated an equd
share (1) of the processor’s capacity
» round robin scheduling, fixed size quantum
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Formal Allocation Model

0 Processes are allocated a share of the processor’s
capacity:
» Process is assigned a weight w
» Note: w is a rational number. That is, it need not be an

integer.
» Proces$'s share of the CPU at tintés
Wi
i) =5,

i

* Note: in the denominator ft) we are summing over
only the active processes in the system; all tasks in the
case of a real-time system.
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Formal Allocation Model

O If processes’ weights remain constanttintf] then
process receives

t VVI
S(tytp) =f fi(dt = > w (t2-t)
i i Wi

units of execution time irt], t,] for a fluid-allocation
system.
0 Some comments di(ty,t,):

» The definition of the integr&() is always correct.

» The assumption that weights remain constant over the
interval lets us reduce the integral to a linear equation.

» Otherwise, we can generate a piecewise linear equation.
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Real-Time Scheduling Example

0 Ignoring weights for amoment, we note that Al Mok gave a
simple proof (in his dissertation) that utilization< 1lisa
sufficient condition for schedulability when each task T; is
allocated afraction of each time unit equal to its utilization e/p..
Thus, we can schedule periodic tasks with around robin
scheduling agorithm if we assume an infinitesimally small
quantum and allocate each task a share equal to their processor
utilization g/p; within each time unit.
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Real-Time Scheduling Example

0 Now consider the same task set with RR scheduling
a?d avariable-sized quantum. Assume around length
of 2.

0 Thus, the share of task T, in each round (of length 2) is
2(e/p).

T,=(82) | & O oo 1O O O
e N i =N == W == == =T

0 1 2 3 4 5 6 7 8 9 10 11 12 13

0 Note: This dlide and the rest of the presentation on Proportional
Share uses a slightly different notation for the release and
deadline of atask:

» down arrows represent releases (or a job entering the system).
» up arrows represent deadlines (or a job leaving the system).
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Real-Time Scheduling Example

0 Round robin scheduling with an integer, variable-sized
quantum and around length of 4:

T,=82) | - f -
T,=(6,3) {201 i) — =

0 1 2 3 4 5 6 7 8 9 10 11 12 13
0 Noticethat, in this and the last two examples, the
processor isidle at least 25% of each round, even when
there are ready tasks.

» In these examples, the scheduling algorithm is non-work-

conserving.
0 However, each process always receives its share in each
round.
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Real-Time Scheduling Example

o A more realistic scheduling scenario would be round-
robin scheduling with afixed size quantum.

n] Cfonsi der afixed sized quantum of 1 and around length
of 2:

T,=8.2 | — . £/

T,=@3)EW I [ %3 I 1 %o

0 1 2 3 4 5 6 7 8 9 10 11 12 13

0 Noticethat T, isnot scheduled in [4,8) because it has
aready compjleted execution.
» It received more that its share in [0,4) and less in [4,8)
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Task Scheduling Goal

0 Practical constraints require usto allocate the CPU
with afixed-sized quantum of g time units.

0 Our goal isto approximate, as close as possible, a pure
fluid-allocation system using quantum based
scheduling.

S(tyuty)
S(tyt) ’;‘ y
Fluid Quantum
Allocation ‘ ooan AIIocaiion‘ @
f——t————— —_—
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Task Scheduling Metrics
(t,t)
LGN iS:—T
Aoed p g ot Qemm | /3 ¢

—_— >

0 Thetimeallocated to task T; in apure fluid allocation
during theinterval [t,t,) is

t,
_ w,
St = -J’izjwj dr

O Let 5(t,t,) bethe time allocated to task T; using afixed
quantum allocation in theinterval [t;,t,).

Jeffay/Goddard Real-Time Systems Prop Share- 11

11

Quantifying the Allocation Error

S(tyt)
S(tyt) ’;‘ '
Fluid Quantum
Allocation w Allocation‘ @
—_— —_—

0 To minimize the error incurred because we are
allocating the CPU with a fixed quantum, we need to
schedule tasks such that their performanceis as close
as possible to their performance in the fluid system.

0 Definethe alocation error for T; at timet as

lag;(t) = S(to,t) —si(to:)
wheret, isthetime atask isinitialy released.
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What Does lag;(t) Mean?

S(tyt)
S(tyt) ’;‘ '
Fluid Quantum
Allocation w Allocation‘ @
—_— —_—

lagi(®) = S(tod) ~ S (to) \

0 Because allocation is quantum-based, tasks can be either
behind or ahead of the fluid schedule.

» If lag isnegative then a task has receivawre service time
than it would have received in the fluid system.

» If lag ispositive then a task has receivists service time than
it would have received in the fluid system.
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Real-Time Computing using Proportional Share

S(tyt)
S(tyt) ’;‘ '
Fluid Quantum
Allocation w Allocation‘ @
—_— —_—

lagi(t) = S(to.t) - S(tord)

0 Goal: Schedule tasks such that their
performanceis as close as possible to that in
the fluid system

0 Schedule tasks such that the lag is:

» bounded, and
» minimized over all tasks and time intervals
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| ssues

0 What happens when a task’s period/deadline is small
relative to the size of a quantum?

0 A large quantum is more efficient, but it introduces a
larger allocation error.

0 For example, a task’s lag can be negative when
» The quantum is large and the task executes very soon afte

being released.

» Some other task does not use the share of the CPU that it i

allocated i(e., the task finishes “early”) and the task in
question consumes the left-over capacity.

0 Under what conditions is a task’s lag positive?
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Scheduling to Bound Lag

0 Tasks are scheduled in avirtual time domain
t

1
V(t) = dr
{ 2w
0 Each task executes for w; real-time units during each virtual

time unit.

@D (.1 &

Virtual

Time
V(L) |t t t
t t t ZJWI t
Real-Time
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The Virtual Time Domain

0 Slope of virtua time |
changes as (non-real- | ‘fime
time) tasks enter and VO //
leave the system
t >
V(t) = !’# dar Real-Time
ZJ'WJ' A
]
W,
]
Ws
—
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The Virtual Time Domain

0 Tasks execute for w; real-
time time unitsin each
virtual-time time unit

» Thus ideally, tasK;
executes for

1
2w,

]

2
Stut) =w; dr
I

= (V(t) - V(t))w

V(t)

Real-Time 2.

!

Wy

W,

time units in any real-time Wy
interval I
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Virtual time scheduling principles

—_ lag, = S(tut) - S(tu)
= oy
S(tuty) = dr
> J 2w

0 Schedule tasks only when their lag is non-negative
» If a task with negative lag makes a request for execution at
timet, it is not considered until a future tirtievhenlag(t’) = 0
» Lete >t be the earliest time a task can be scheduled
« the time at which
St ©) = st 1)
» This time occurs in the virtual time domain at time
gt, €) = S, 1)
\(e) -V(H)w; = s(t;, 1)
V() = V(L) + st.tiw;
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Virtual time scheduling principles

0 Task requests should not be considered before
their “eligible” timee. Why?
0 Requests should be completedvirgual time
V(d) =V(e) + ciw,
» whereg; is the cost of executing the request.
0 Our candidate scheduling algorithm: Earliest
Eligible Virtual Deadline First (EEVDF)

At each scheduling point, anew quantum
is allocated to the eligible task with the
earliest virtual deadline
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EEVDF Scheduling

Example: Two tasks with equal weight = 2 (g = 1 inreal-time). These tasks are
not periodic, but each task makes arequest immediately after it completes. The
first task arrives at (real) time 0 and the second at (real) time 1.

Cost=2
— t
(Ue),Ud)) = (0,1)
Cost=1
(5.1)
real-time >
1 2 3 4 5 6 7
Vi n;:?l ti mg There are two unit of rea time
ime 05 1 per unit of virtual time until V(0.5).
t
v(t) = I—l dr V() = V(to) + S(to, /W]

2w V(0) = V() + ciw
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EEVDF Scheduling

AttimeV(0.5) = 1, virtual time slows down to four units of real time per unit
of virtual time because we continually have two jobs, each with weight 2.

Cost =2

1 — —t

Cost=1
 —

(V(e), () = (0,1) (1.2) (23)

—f —

(51) (1,15
real-time

(1.5,2) (2,2.5)

0 1 2
virtual time
atime0 —————>
0 05 1

3 4 5 6 7

Jobs from task 2 arrive as soon as the
previous jobs are finished, but they are not
eligible until 0.25 virtual time units later.

attime0.5
0 05

1

15 2

1
T

V(e) = V(to) + S(ty, Hiw
V(d) = V() + ciw
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Note: These are not periodic tasks! (The arrows just indicate when tasks enter and leave the system.

In particular, assume that atask makesits next request immediately after it completes.

Note that:

— task 1 always has a virtual deadline 1 time unit after its eligible time (it requires one virtual time

unit to complete)

— task 2 always has a virtual deadline 0.5 time units after its eligible time
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| ssues

0 To use proportional share scheduling for real-
time computing:
» We need to ensure deadlines are respected in the
real-time domain.
» We must also bound the allocation error.
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Using Proportional Share Allocation
For Real-Time Computing
0 Deadlinesin aproportional share system ensure
uniformity of allocation, not timeliness

0 Weights are used to alocate arelative fraction of the
CPU'’s capacity to a task
_ W
fI(t) - ZJ\NJ
0 Real-time tasks requirecanstant fraction of a
resource’s capacity
G
fi(t) = Y
0 Thus real-time performance can be achieved by

adjusting weights dynamically so that the share remal
constant
Jeffay/Goddard Real-Time Systems Prop Share - 24
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Dynamically Adjusting Weightsto
Support Real-Time Computing
— V() = V(1) + S(t, w; = V(1)

a8
V(d) = V(e) + ciw,

t t+d
0 Consider task T; that arrives at timet with a
deadlineat timet + d,
» In the interval{, t+d] the task requires a share of
the processor equal &g,

W -G o)
> w d q W
17 w, = _I_&
_ G _
W = 4d‘|> (zjzlvvj +W|) 1 di
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Dynamically Adjusting Weightsto
Support Real-Time Computing

0 Example: task T, = (t,4,1,4) joins a system with a total
weight of 3 at timet with adeadline at timet + 4.
» In the interval{, t+4] the task requires a share of the
processor equal to 1/4=0.25.
» Its weight should be

ELZW lXS

z

Wi=di Jéj - 4 I =1
1—di 1—2
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0 Every time the slope of the virtual time changes, we
must recompute the weight and deadline for the task.

» Will its lag change?

o If there are an real-time tasks then we end up with
linear equations with unknowns.

o If real-time tasks require a fixed share of the CPU'’s
capacity, only a finite number of tasks may be
guaranteed to execute in real-time.

» How do we limit the number of real-time tasks?

Jeffay/Goddard Real-Time Systems Prop Share- 27

27

Admission control

0 We need simple (efficient) on-line admission
control algorithm!
0 Admission criterion:
» a simple sufficient condition —2; % <1
» a necessary condition??
* it depends...
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Bounding the Allocation Error

O Isatask guaranteed to complete beforeits
deadline?

—
— 1
S
S o s

0 How late can atask be?

Theorem: A task will missits deadline by at most q
time units.

Jeffay/Goddard
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Bounding the Allocation Error

0 Consider atask system wherein jobs always terminate
with zero lag.

Theorem: Let d be the current deadline of arequest made by

task T,. Let f bethe actual time the request is fulfilled:
(1) f<d+q (therequest isfulfilled no later than time d + q)

(2)iff>dthenforalt d<t<f, lag(t)<q

0 Note: (2) saysthat if atask islate, it still must have been
executing uniformly
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Some properties of lag(t)

V(e) = Vi , b/
1890 = S0 -500 vig) —vigaon

0 lag(t) < Oimpliesthat task i has received “too much”
service lag;(t) > 0 implies that it has received “too little”

0 Eligibility law 0 Preserved lateness law
» If a task has non-negative lag » If a task that misses a
then it is eligible deadline atl completes
. execution af, then
0 Lag conservation law Oforalt, T t>d, lag(t) >0
» For allt, Zlag(t) =0 0 lag(t) > remaining service
0 Missed deadline law time

» If a task misses its deadlide
thenlag;(t) = remaining
requwed servicetime
Jeffay/Goddard Real-Time Systems Prop Share- 31
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Proof Sketch of Theorem

t
after(d){
e f
t d t f i’

0 Lett' < fbethelatest time atask with deadline after d
receives a quantum

0 At any timet partition tasks into those with requests
with deadlines before d and those with deadlines after d

i peforegt) 12G(t) <O 2 atter(ry 12Gi(Y) >0
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Proof Sketch of Theorem

after(d) { — !
S Bounding the Allocation Error
before(d) { l - I
¢ o 4 . ; > Theorem: Let ¢ bethe size of the current request of
task T,. Task T,’'s lag is bounded by
Ziinbefore(r) lag(t’) <0, Zi inatter(ry 18GH(Y) >0 -C < Iagk(t) < max(c, q)

2 ater(yy 18Gi (D) > -0, Zin heforegy 12Gi(D) <, lag(t) <q
0 The previous Theorem only dealt with lag after a

2 inteoret 13G/(A) <, deadline was missed.
Thisimpliesthat all ests in before(d) must be leted . . .
bylt?rlr:];ry?q requests in before(d) must be comp 0 Thistheorem bounds the overall uniformity of resource
alocation.
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Remaining Issues

0 Practical considerations:
» Maintaining virtual time
» Dealing with tasks that complete “early”
» Policing errant tasks

Jeffay/Goddard Real-Time Systems
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Maintaining Virtual Time

L I} t
b — f
! I -]

0 What happens when atask completes after its deadline?
» Preserved lateness lalat, T >t >d, lag;(t) > 0

0 If the task makes another request immediately, the request
iseligible.

0 If the task terminates the total lag in the system is negative
» Lag conservation law requires that 2 lag(t) =0
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Positive Lag

0 A task with positive lag is behind schedule. It
needs to execute “more.”

0 A task can terminate with positive lag if:
» it did not complete by its deadline

» it completes before its deadline but it does not
execute for as long as it expected to. (But simply n
using enough execution time does not imply that la|
is positive upon termination.)

[(®]
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Tasks that Terminate Early

0 When a task terminates “earlyi"d,, executes
for less than its wcet), it creates a discontinuity|
in virtual time.

0 What's the effect/implication of discontinuities
in virtual time?
» lags have to be recomputed to their values at the

“primed” times in the left-hand figure on the next
slide.
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A Task Terminates with Positive Lag

Virtual Virtual
Time Time
—~
1 [1 2 t2 '.ﬁﬁ_.ael 1 t2+ t1Y _tl) -ﬁ?ﬂaé
i i
N 0 | O O
i - ! i —
Ideal system Actual system
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A Task Terminates with Positive Lag

0 When task T, terminates with positive lag we must:
» update virtual time to the next point in tiié) at which
lagy(t) = 0
» update each task’s lag to reflect the discontinuities in virtual
time
o If t isthe time atask with positive lag terminates, then
lagy(t,
ViR =) + o
kM
lag,(t)
j =M

wheret,’ isthevirtual time at t, beforetask T,

terminates.
Jeffay/Goddard Real-Time Systems Prop Share - 40
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Practica Considerations:
Maintaining Virtual Time

i — 1
—/J '

0 What happens when a task completes before its deadline?
» Task’s lag will be negative.

0 If the task makes another request immediately, the
request isineligible
o If the task terminates, the termination can be delayed
until the task’s lag is O
» If the task correctly estimated its execution time this will occiir
at the task’s deadline.
» Otherwise, this time may be either before or after its deadling.
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Policing Tasks

0 What happens when atask is not complete by its
deadline but itslag is negative?
» The task under estimated its execution time.

0 Severa aternatives:

» Have the operating system issue a new request on
behalf of the task.

» Issue a new request for the task but penalize it by
reducing its weight.

o In all cases, the “errant” task has affect on the
performance of other tasks!
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Bounding the Allocation Error in Practice

0 Recall our previous theorem on bounding lag.

Theorem: Let c be the size of the current request of task T,.
Task T)'s lag is bounded by
-Cc < lagy(t) < max(c, q)

0 We are now ableto generalize this theorem.

Theorem: If tasks terminate with positive lag then tagisT
lag is bounded by

-C < lagy(t) < max(Cpuw O)
where ¢, is the largest request made by any task in the
system
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Bounding the Allocation Error in Practice

0 The previous Theorem only dealt with the case where
every task terminated with zero lag.
» The new theorem is more general.

0 But what's the impact of this theorem?

» Ultimately when tasks terminate with positive lag they are
completing “early” in the real-time domain.

» Thus other tasks have received “more” time than they shou
have.

0 While lag bounds are potentialy worse, thisis
primarily a statement about the uniformity of
allocation.

» Tasks are actually going to complete earlier in real-time.
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Explanation of the Theorem

0 Theorem: If tasks terminate with positive lag then a task
k's lag is bounded by <lagy(t) < maxC,,,, 9)

Virtual Virtual
Time Time
—~
t " Real At —t R'eal
1 2 Time 1 L -1 Time
o |- N
I 0 v O O
! 0 O ! .
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Exploring the Theorem Further

0 Theorem: If tasks terminate with positive lag then a
task k’s lag is bounded by <dag,(t) < maxC. 9)

» Thus a trade-off exists between the size of a task’s reques
(i.e.,, scheduling overhead) and the accuracy of allocation

Corollary: If tasks requests are always less than a
quantum then for al tasks T,, -q < lag,(t) <q
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Experimental Evaluation i Tok I R
EEVDF Implementation in FreeBSD - w23 .
30| — -
0 Platform N
» PC compatible, 75 Mhz Pentium processor, 16 MB RAM ’ ’ E(zz
o Implementation 4 T Tk
» Replaced FreeBSD CPU scheduler e — vl T W By Bo w0 w0

» Time quantum = 10 ms

0 Experiments
» Non-real-time tasks making uniform progress
« Dhrystone benchmark tasks executing in parallel
» Each iteration of the benchmark requires approximatety 9 Jeffay/Goddard Real-Time Systems Prop Share - 48

» Speeding up and slowing down task progress by manipulating weights
» Real-time execution (of non-real-time programs!)
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Proportional Share Scheduling Example
Uniform allocation to non-real -time processes

Number of
Dhrystone
Iterations
(x 1,000)

Elapsed
Time
(secs)

 —]
Measured Ela_psed
Lag Time
(secs)

Proportional Share Resource Allocation
Summary

o A “real-time” neutral model
» Supports both real-time and non-real-time.
0 EEVDF scheduling provides optimal lag boundsj(+

» Allocation error & hence timeliness guarantees are as good
as possible.

0 But maintaining virtual timeis non-trivia
» Better than sorting b@(n) in the worst case.
0 Unclear how to solve the integrated systems problem
» How do you solve the system of linear equations efficiently
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