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Abstract operating system to allocate resources such as CPU, I/O
bus, disk, and network bandwidthin a predictable manner
The need for supporting variety of hard and soft real-timeas well as provide Quality of Service (QoS) guarantees
as well as best effort applications ina multimedia computy{(in terms of throughput, response time, etc.). Since no
ing environment requires an operating system frameworkxisting operating system meets these requirements, re-
that: (1) enables different schedulers to be employed foalizing such applications requires conventional operating

different application classes, and (2) provides protectiorsystems to be extended along several dimensions. De-

between the various classes of applications. We argue thgign and implementation of a CPU allocation framework

these objectives can be achieved Higrarchical parti-

suitable for multimedia operating systems is the subject

tioningof CPU bandwidth, in which an operating system matter of this paper.
partitions the CPU bandwidth among various application To determine suitable CPU scheduling algorithms,

classes, and each application class, in turrtjtpams its

consider the requirements imposed by various applica-

allocation (potentially using a different scheduling algo-tion classes that may co-exist in a multimedia system:

rithm) among its sub-classes or applications. We present
Start-time Fair Queuing (SFQ) algorithm, which enables
such hierarchical partitioning. We have implemented a
hierarchical scheduler in Solaris 2.4. We describe our
implementation, and demonstrate its suitability for mul-
timedia operating systems.

1 Introduction

[ ]
Over the past few years, computing, communication, and

video compression technologies have advanced signifi-
cantly. Their synergistic advances have made the band-
width and the storage space requirements of digital video
manageable, and thereby have enabled a large class of
multimedia applications (e.g., video conferencing, dis-
tance learning, news-on-demand services, virtual reality
simulation of fire fighting, etc.). Since digital audio and
video convey appropriate meaning only when presented
continuously in time, such applications impose real-time
requirements on the underlying storage, transmission,
and processor sub-systems. Specifically, they require an
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¢ Hard real-time applicationsThese applications re-

quire an operating system to deterministically guar-
antee the delay that may be experienced by various
tasks. Conventional schedulers such as the Earliest
Deadline First (EDF) and the Rate Monotonic Al-
gorithm (RMA) are suitable for such applications
[12].

Soft real-time applicationsThese applications re-
quire an operating system to statistically guaran-
tee QoS parameters such as maximum delay and
throughput. Since a large number of such appli-
cations are expected to involve video, consider the
processing requirements for variable bit rate (VBR)
video:

Due to inherent variations in scene complexity as
well as the use of intra- and inter-frame compression
techniques, processing bandwidth required for com-
pression and decompression of frames of VBR video
varies highly at multiple time-scales. For instance,
Figure 1 illustratesthat the processing bandwidth re-
quired for decompressing MPEG video varies from
frame-to-frame (i.e., at the time scale of tens of mil-
liseconds) as well as from scene-to-scene (i.e., at
the time scale of seconds). Furthermore, these vari-



" becoding tme — From this, we conclude that different scheduling algo-

016 | rithms are suitable for different application classes in a
multimedia system. Hence, an operating system frame-
014 1 work that enables different schedulers to be employed for

different applications is required. In addition to facilitat-
ing co-existence, such a framework should provide pro-

Decoding time (s)

01 1 tection between the various classes of applications. For
example, it should ensure that the overbooking of CPU for
008 1 soft real-time applications does not violate the guarantees

of hard real-time applications. Similarly, misbehavior of
soft/hard real-time applications, either intentional or due
00s \ \ \ \ \ \ \ to a programming error, should not lead to starvation of

’ T et best-effort applications.

The requirements for supporting different scheduling
algorithms for different applications as well as protect-
ing application classes from one another leads naturally
to the need foihierarchical partitioningof CPU band-

ations are unpredictable. These features lead to thVeVIdth' Specifically, an operating system should be able

f : . . . to partition the CPU bandwidth among various applica-
ollowing requirements for a scheduling algorithm . o :
. o tion classes, and each application class, in turoukd be
for VBR video applications: o A : . .
ableto partitionits allocation (potentially using a different
) i o . scheduling algorithm) among its sub-classes or applica-
— Due to the multiple time-scale variations in (ions. |n this paper, we present a flexible framework that
the computation requirement of video appli- 5chieves this objective.
cations, to efficiently utilize CPU, an operat- |, oyr framework, the hierarchical partitioningis spec-
ing system will be required to over-book CPU jfieq by a tree. Each thread in the system belongs to ex-
bandwidth. — Since such over-booking may 4ctly one leaf node, aneachnode in the tree represents
lead to CPU overload (i.e., cumulative require- gither an application class or an aggregation of applica-
ment may exceed the processing capacity), §jon classes. Whereas threads are scheduled by leaf node
scheduling algorithm must provide some Q0S yenendent schedulers (determined by the requirements of
guarantees even in the presence of overload. {he application class), intermediate nodes are scheduled
— Duetothe difficulty in predicting the computa- by an algorithm that achieves hierarchical partitioning.
tion requirements of VBR video applications, Specifically, intermediate nodes must be scheduled by
a Schedu”ng a|gorithm must not assume pre-an algorlthm that: (1) achieves fair distributioof pro-

cise knowledge of computation requirements cessor bandwidth among competing nodes, (2) does not
of tasks. require a priori knowledge of computational requirements

of threads, (3) provides throughput guarantees, and (4)
EDF and RMA schedulers do not provide any QoSiS computationally effi'cient. We present Start-time Fair
guarantee when CPU bandwidth is overbooked.Ql‘!eUIng (SFQ) algorithm which meets all of t'hese' re-
Furthermore, their analysis requires the release timeduirements. We further demonstrate that SFQ is suitable

the period, and the computation requirement of eacH’or video applications. We have implemented our hierar-
task (threa;d) to be known a priori. Consequently al-chical scheduling framework in Solaris 2.4. We describe

though appropriate for hard real-time applications,our implementation and evaluate its performance. Our
these algorithms are not suitable for soft real-timeresuns demonstrate that the framework: (1) enables co-

multimedia applications. Hence, a new SchedulingeX|stence of heterogeneous schedulers, (2) protects appli-

algorithm that addresses these limitations is desir-Cation classes from each other, and (3) does not impose
able higher overhead than conventional time-sharing sched-
' ulers.

Observe that our hierarchical partitioning framework

Figure 1 : Variation in decompression times of frames
in an MPEG compressed video sequence

o Best-effort applicationsMany conventional appli-
cations do not need performance guarantees, but !Intuitively, a CPU allocation is fair if, in every time inter-
require the CPU to be allocated such that averagal, all runnable threads receive the same fraction of CPU band-

; ; ; ; width. This notion of uniform fairness generalizes to weighted
response time is low while the throughput aCh'evedfairness when threads have different weights and each thread

is high. This is achieved in current systems by time-receives CPU bandwidth in proportion to its weight. We will
sharing scheduling algorithms. formalize this notion in Section 3.




also facilitates the development of a QoS manager that
allocates resources as per the requirements of applica-
tions [10]. To illustrate, if an application requests hard
(soft) real-time service, then the QoS manager can use
a deterministic (statistical) admission control algorithm
which utilizes the capacity allocated to hard (soft) real-
time classes to determine if the request can be satisfied,
and if so, assign it to the appropriate partition. On the
other hand, if an application requests best-effort service,
then the QoS manager would not deny the request but
assign it to an appropriate partition depending on some
other resource sharing policies. A QoS manager can
also dynamically change the hierarchical partitioning to mh’?%iimg,
reflect the relative importance of various applications.
For example, initially soft real-time applications may
be allocated very small fraction of the CPU, but when Figure 2 : An example scheduling structure
many video decoders requesting soft real-time services
are started (possibly as a part of a video conference), the
allocation of soft real-time class may be increased sigbelong to the leaf node, the scheduler of an intermediate
nificantly. The development of such policies, however,node schedules its child nodes. Given such a scheduling
is the subject of future research and beyond the scope @tructure, the scheduling of threads occurs hierarchically:
this paper. the root node schedules one of its child nodes; the child
The rest of this paper is organized as follows. In Secnode, in turn, schedules one of its child nodes until a
tion 2, we introduce our hierarchical CPU schedulingleaf node schedules a thread for execution. Figure 2
framework. The Start-time Fair Queuing (SFQ) schedul-llustrates one such scheduling structure. In this example,
ing algorithm and its properties are described in Sectiorthe root class (node and class are used interchangeably)
3. The details of our hierarchical SFQ scheduler imple-has three sub-classes: hard real-time, soft real-time and
mentation are described in Section 4. Section 5 describggest-effort, with weights 1, 3, and 6, respectively. The
the results of our experiments. We present related workandwidth of the best-effort class has been further divided
in Section 6, and summarize our results in Section 7. equally among leaf classes userl and user2. Furthermore,
whereas the soft real-time and userl leaf classes employ a
2 A Framework for Hierarchical CPU scheduler that fairly distributes its CPU allocation among
Scheduling its threads, the hard real-time and user2 classes have EDF
and time-sharing schedulers, respectively.
In our framework, the hierarchical partitioning require- ~ Observe that the schedulers at leaf nodes in the hi-
ments are specified throughrae structure. Each thread €rarchy are determined based on the requirements of the
in the system belongs to exactly one leaf node. Each leafPplications. The requirements ofa scheduling algorithm
node represents an aggregation of thréaaisd hence an  for mtermeld|ate nodes in the hierarchy, on the other hand,
application class, in the system. Each non-leaf node iffan be defined as follows:
the tree represents an aggregation of application classes
Each node in the tree has a weight that determines the
percentage of its parent node’s bandwidth that should be

(1)
Hard

Real-time
(EDF)

(3)
Soft

Real-time
(Fair Scheduler),

(6)
Best Effort

1. To achieve hierarchical partitioning, the algorithm
for scheduling intermediate nodes in the hierarchy

allocated to it. Specifically, if4, o, ..., 7, denote the should:
weights of then children of a node, and i8 denotes the o Partition the bandwidth allocated to a class
processor .bandwid.th aIIocated. to Fhe parent node, then among its sub-classes such that each sub-class
the bandW|dth rECEIved h}OdEZ IS g|Ven by gets |ts Speciﬁed share_
. ¢ Allocate the residual bandwidth fairly among
B; = ( — ) * B its sub-classes. For example, in Figure 2, if
ijl T there are no eligible threads in the hard real-

time class, then its allocation should be par-
titioned between the soft real-time and best-
effort nodes in the ratio 3:6.

Furthermore, eacinode has a scheduler. Whereas the
scheduler of a leaf node schedules all the threads that

?Threads are assumed to be the scheduling entities in the ) )
system. Both these requirements would be met if the schedul-



ing algorithm partitions the allocation of a class number of instructions executed for the thread. Then, a
among its sub-classes in proportionto their weights CPU allocation is considered to be fair if, for all intervals
i.e., achieves weighted fairness. Moreover, as thét,,{2] in which two threads’ andm are runnable, the
following example illustrates, a key requirement for normalized work (by weight) received by them is identi-
such an algorithm is that it should achieve weightedcal (j.e., ¥2U1t2) _ Wnltitz) _ ¢y Clearly, this is an

r r

fairness even when the bandwidth available to a clasgjealized definition of fairness as it assumes that threads

fluctuates over time. can be served in infinitesimally divisible units. Since the
threads are scheduled for a quantum at a time, there will

Example 1 Consider the scheduling structure pe some unfairness. Consequently, the objective of a fair

shown in Figure 2. Initially, let there be no threads in scheduling algorithm is to minimize the resultant unfair-

the hard and soft real-time classes. ConsequentlyneSS (i.e., ensure thL,Ig/f(tl,tz) _ Wnltit2) | s as close

the best-effort class receives the full CRldnd- " o T

width. When threads join the hard and soft real- 10 0 as possiblé) _

time classes, the bandwidth available to the best- 10 achieve this objective, SFQ assigns a start tag to

effort class goes down to 60% of the CPU band-€ach thread and schedules threads in the increasing order

width. In such a scenario. to ensure that user1 ©Of start tags. To define the start tag, let the threads be
and user2 continue to receiveyeal share of the scheduled for variable length quantum at a time. Also,

] ] ‘th .
available bandwidth, the scheduling algorithm for '€t ¢7 and; denote th@t. quantum of threagf and its
the best-effort class must remain fair even when thdength (measured in units of 'nStf{JCtlon§)fz respectively.
available bandwidth fluctuates over time. Let A(q}) denote the time at which thg” quantum

is requested. If the thread is making a transition from
2. Since the computational requirements of tasks maft Plocked mode to runnable mode, theiy;) is the
not be known precisely, the scheduling algorithmtime at which the transition is made; otherwise it is the
should notassume a prioriknowledge of the time du-time at which its previous quantum finishes. Then SFQ
ration for which a task executes before it is blocked.2lgorithmis defined as follows:

3. To support hard and soft real-time application 1. When quantumf} is requested by thread, it is
classes, the scheduling algorithm should provide  stamped with start tag;, computed as:
bounds on minimum throughput and maximum de- ,
lay observed by nodes. Furthermore, for the bounds Sy = max{v(A(q})), Fr} (1)
to be useful, they should hold in realistic computing
environments in which interrupts may be processed ~ Whereu(¢) is the virtual time at time and F; is the
at the highest priority [9]. finish tag of threadf. 7 is initially 0, and when

4t quantum finishes execution it is incremented as:
4. To be feasible in general purpose operating systems,

the scheduling algorithm should be computationally l‘}
efficient. Fp=S5;+ v (2)

Recently, we have developed a packet scheduling al-
gorithm, referred to astart-time Fair QueuindSFQ),
which achieves fair allocation of network bandwidth [6]. 2. Initially the virtual time is 0. When the CPU is busy,
In the next section, we present the algorithm and demon-  the virtual time at time, v(t), is defined to be equal
strate that it meets the above requirements, and hence, to the start tag of the thread in service at tin®n
is suitable for CPU scheduling in multimedia operating the other hand, when the CPU is idld{) is set to
systems. the maximum of finish tag assigned to any thread.

wherer; is the weight of threadf.

3. Threads are serviced in the increasing order of the
start tags; ties are broken arbitrarily.

Start-time Fair Queuing (SFQ) is a resource allocation = geveral other definitions of faimess have beenintroduced in
algorithm that can be used for achieving fair CPU alloca-the networking and operating systems literature. A comparative
tion. Before we present SFQ, let us formalize the notiorgVvaluation of their relative merits, however, is beyond the scope
of fair allocation. Letr; be the weight of thread and t4h|'fs ?e}peg enath of . G .

W/ (11, =) be the aggregate work done in interféal 2] %, is the length o qu?ntunjr} in terms of instructions,

by the CPU for thread. For ease of exposition, let the thenits time duration ig, = %f whereC is the rate of execution
work done by the CPU for a thread be measured by thef the CPU.

3 Start-time Fair Queuing
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Figure 3 : Computation of virtual time, start tag, and finish tag in SFQ: an example

The following example illustrates the computation of able to thread A, and the value oft) changes at the
the virtual time, as well as the start and the finish tagseginning of each quantum of thread A. Now, when
(and hence, the process of determining the execution se¢hread A blocks at timé = 90, the system contains
quence) in SFQ. Consider two threads A and B withno runnable threads. During this idle peried) is set
weights 1 and 2, respectively, which become runnable atto max{F4, Fg} = max{50,20} = 50. When thread A
timet = 0. Let the scheduling quantum for each threadbecomes runnable at timle= 110, v(¢) = 50. Hence,
be 10ms and let; = 10. Let each thread consume thread A is stamped witlyy = max{50, F4} = 50,
the full length of the quantum each time it is scheduled.and is immediately schduled for execution. On the
Initially, the virtual timewv(¢) = 0. Similarly, the start other hand, when thread B becomes runnable at time
tags of threads A and B, denoted By andSg, respec- ¢ = 115, v(t) = S4 = 50. Hence, it is stamped with
tively, are zero (i.e.,.54 = Sp = 0). Since ties are Sp = max{50, Fg} = max{50,20} = 50. From this
broken arbitrarily, let us assume, without loss of gener{point, the ratio of CPU allocation goes back to 1:2. Fi-
ality, that thread A is scheduled first for one quantum.nally, when thread A exits the system, the entire CPU
Sincew(t) is defined to be equal to the start tag of thebandwidth becomes available to thread B, until it com-
packet in service, fofh < ¢t < 10 : v(t) = S4 = 0.  pletes execution. Figure 3 illustrates this complete exe-
At the end of that quantum, the finish tag of A is com- cution sequence.
puted asF, = 0+ 12 = 10. Moreover, assuming
that the thread remains runnable at the end of the quarg 1 Properties of SFQ
tum, it is stamped witht, = max{v(10), F4} = 10.

At this time, sinceSg < Sa, the first quantum of In what follows, we describe the properties of the SFQ
thread B is scheduled. Note that sinfg = 0, the  scheduling algorithm, and demonstrate that it meets the
value of v(t),10 < ¢ < 20 continues to be equal to requirements of a hierarchical scheduler outlined in the
0. At the end of this quantum, the finish tag for B is previous section.

settoFp = 0+ 1 = 5. Moreover, assuming that

B remains runnable at the end of the quantum, we get 1. SFQ achieves fair allocation of CPU regard|eSS of

Sp = max{v(?O), FB} = 5. Carrying through this pro- variation in available proceSSing bandwidémd
cess illustrates that, before thread B blocks at tires0, hence meets the key requirement of a scheduling
threads A and B are scheduled for 20ms and 40ms, re-  algorithm for hierarchical partitioning. Specifically,
spectively, which is in proportion to their weights. When in [6], we have shown that regardless of fluctuations
thread B is blocked, the entire CPU bandwidth is avail-  in available processor bandwidth, SFQ guarantees

that in any intervalt,, ¢5] in which two threadsf



andm are eligible for being scheduled, the following
inequality holds:

Wm (tlatZ)

m

l}nax l%ax

< + (3)

7°f 'm

Wity ta)
rs

where 7" and (¢, respectively, are the max-
imum length of quantum for which threads

and m are scheduled It has been shown

in [4] that if a scheduling algorithm schedules
threads in terms of quantums and guarantees that

Willita) _ Waltsta) | < Fr(f m) for all inter-

Ty Tm

vals, thenH (f,m) > %(% + %). Hence,
SFQ is a near-optimal fair scheduling algorithm. In
fact, no known algorithm achieves better fairness

than SFQ.

. SFQ does not require the length of the quantum to
be known a priori Since SFQ schedules threads in

the increasing order of start tags, it does not need
the length of the quantum of a thread to be known
at the time of scheduling. The length of quantym

(namely,l‘}) is required only when it finishes execu-
tion, at which time this information is always avail-
able. This feature is highly desirable in multimedia
computing environments, where the computationre-
guirements are not known precisely and threads may
block for I/0O even before they are preempted.

. SFQ provides bounds on maximum delay incurred
and minimum throughput achieved by the threads in
a realistic environmentln most operating systems
processing of hardware interrupts occurs at the high-
est priority. Consequently, the effective bandwidth
of CPU fluctuates over time. SFQ provides bounds
on delay and throughput even in such an environ-
ment. To derive these bounds, however, the variation
in the CPU bandwidth has to be quantified. If the
maximum rate of occurrence of interrupts and the
CPU bandwidth used by the interruptsis known, the
effective CPU bandwidth can be modeled as a Fluc-
tuation Constrained (FC) server [11]. A FC server
has two parameters; average réatéinstructions/s)
and burstinesg(C') (instructions). Intuitively, in
any interval during a busy period, an FC server does
at mosts(C') less work than an equivalent constant
rate server. Formally,

Definition 1 A server is a Fluctuation Con-
strained (FC) server with paramete(§’, 6(C')), if
forallintervals[ty, t5] in a busy period of the server,

5The maximum quantum length may be known a-priori or

may be enforced by a scheduler by preempting threads.

the work done by the server, denotediby?,, ¢5),
satisfies:

W(ti,12) > Cx (ls — 1) — 6(C)  (4)

If only bounds on the computation time required by
the interrupts is known, then the FC server model is
sufficient. However, if distributions of the computa-
tion time requirements for processing interrupts are
known, then CPU is better modeled as an Exponen-
tially Bounded Fluctuation (EBF) server [11]. An
EBF server is a stochastic relaxation of FC server.
Intuitively, the probability of work done by an EBF
server deviating from the average rate by more than
~, decreases exponentially with Formally,

Definition 2 A server is an Exponentially
Bounded FluctuationrEBF) server with parameters
(C, B,«a,6(C)),if for allintervals[ty, 2] in a busy
period of the server, the work done by the server,
denoted by¥ (¢1,12), satisfies:

P (W(t1,12) < Cx (1 — 11) — 6(C) — 7) < Be=*?
(5)

If CPU can be modeled as an FC or EBF server,
then SFQ provides throughput and delay guarantees
to each of the threads. To determine these guaran-
tees, let the weights of the threads be interpreted
as the rate assigned to the threads. For example, a
thread that needs 30% of a 100MIPS CPU would
have a rate of 30 MIPS. L&} be the set of threads
served by CPU and €€, ., 7» < C whereC'is

the capacity of the CPU. Then, SFQ provides the
following throughput and delay guarantees [6]:

Throughput Guarantee: If the CPU is an FC
server with paramete(g’, §(C)), then the through-
put received by a threaflwith weightr; is also FC

with parameters:

2oneqn®” 5(C)
(rfﬂ“f C T o

+ l}”‘”) (6)

If, on the other hand, the CPU is an EBF server with
parameter$C', B, «, §(C)), then the throughput re-
ceived by a thread with weightr; is also EBF with
parameters:

neo lnes o(C
(rf,B,%a,rfz Eg +ry (C')

+ l}nax

(7)
Hence, if SFQ is used for hierarchical partitioning
and if the CPU is an FC(EBF) server, then each of



the sub-classes oftheroot class are FC(EBF) servers. 4. SFQ is computationally efficientVhereas the com-

Using this argument recursively, we conclude that if

the CPU is an FC(EBF) server, then each of the sub-

classes are also FC(EBF) servers, the parameters
which can be derived using (6) and (7).

Delay Guarantee: Ifthe CPUis a FC server, then
SFQ guarantees that the time at which quanggjm

of thread f will complete execution, denoted by
Lsrq(q}), is given as:

) ) Jmas
Lsrq(qh) < EAT(¢)+ Y
nEQAnES
. 8(C)
44 9
—I-C—I- C (8)

whereEAT(q‘}) is the expected arrival time of quan-
tumgs. Intuitively, EAT(q}) is the time at which
quantumq‘} would start if only thread® was in the
system and the CPU capacity was Formally,

5 .

!

EAT(q‘}) = max{A(q‘}), EAT(q‘}_l) + 4
(9)

where EAT (¢}, r}) = —oc.

putation of a start tag only requires one addition and
one division, sorting can be efficiently done using
a priority queue. The computational complexity of
a priority queue is known t@(logQ), whereq is

the number of entities to be scheduled. Since the
number of children of a node in a hierarchy are ex-
pected to be small (of the order of 2-10), this cost is
insignificantwhen SFQ is used for hierarchical parti-
tioning. Furthermore, no other known algorithmthat
simultaneously achieves predictable allocation and
protection has a lower complexity. Although static
priority algorithms have lower complexity, they pro-
vide no protection, and hence, have been found to
be unsatisfactory for multimedia operating systems
[15].

of

Recall from Section 1 that a scheduling algorithm suit-
able for video applications should: (1) provide QoS guar-
antees even in presence of overload, and (2) not require
computation requirements to be known precisely. Since
SFQ guarantees fair allocation of resources even in pres-
ence of overload and does not need computation require-
ments to be known precisely, it meets these requirements.
Hence, it suitable for video applications as well.

If the CPU is an EBF server, then SFQ guarantees

thatLSFQ(q‘}) is given as follows:
P ( Lsrole)) < BAT(¢}, 7)) +
2

R S (S B

> o+ Ly — 42

oL, €T e
>1—Be™® 0<¥ (10)

The following example illustrates the delay guaran-
tee of SFQ.

Example 2 Consider a constant rate 100MIPS
CPU that serves threads 2, and3. Let threadl re-
serve 30MIPS and execuB80K instructions every
guantum. Also, let the other two threadeeute at

4 Implementation

We have implemented our hierarchical CPU allocation
framework in the Solaris 2.4 kernel, which is a derivative
of SVR4 UNIX. Our framework utilizes SFQ to schedule
all the intermediate nodes for achieving hierarchical par-
titioning. The requirements of hierarchical partitioning
are specified through a tree referred to ascheduling
structure Each node in the scheduling structure has a
weight, a start-tag, and a finish-tag that are maintained as
per the SFQ algorithm. A non-leaf node maintains a list
of child nodes, a list of runnable child nodes sorted by
their start-tags, and a virtual time of the node which, as
per SFQ, is the minimum of the start-tags of the runnable
child nodes. A leaf node has a pointer to a function that

most 200K instructions every quantum. Then, sincgs invoked, when it is scheduled by its parent node, to

§(C) = 0 for a constant rate CPU, for thread,
[mae 2

doneQrnif o lcf + 5(0—0) = Tms. Since exe-
cuting 300K instructions on a 30MIPS CPU takes
10ms, the expected arrival time ¢f* quantum of
thread 1, assuming it remains runnable at the end
of each of its allocated quantum,(i$ — 1) « 10ms.
Hence, SFQ guarantees thaf quantum of thread

1 will finish execution byj — 1) % 10 + Tms.

Thus, SFQ not only guarantees fair allocation of

CPU to sub-classes, but also provides quantitative

bounds on performance.

select one of its threads for execution. Each node also
has a unique identity and a name similar to a UNIX file-
name. For example, in the scheduling structure shown in
Figure 2, the name of node userl is "/best-effort/userl".
The scheduling structure is created using the following
system calls:

e int hsfq_mknod(char *name, int parent, int
weight, int flag, scheduler_id sid): This system call
creates a node with the given name as a child of
nodeparent in the scheduling structure and returns
the identifier of the new node. THiag parameter



identifies the node to be created as a leaf or a nonall the other ancestor nodes that may become ineligible
leaf node. If the node is a leaf node, a pointer to theas a consequence. This function has to traverse the path
scheduling function of the class, identifiedddy, is  from the leaf only until a node that has more than one
installed in the node. runnable child nodes is found.
o int hsfq_parse(char* name, int hint): This system In our implementation, any schedul'lr?g algorlth'm can
: . ... be used at the leaf node as long as it: (1) provides an
call takes amame and resolves it to a node identifier . . .
interface function that can be invoked ksfq_schedule()

in the schec'zlullnglsquctur.e. Thg name can be absot-o select the next thread for execution, and (2) invokes
lute or relative. If itis relative, it is considered to be

. L I hsfq_setrun(), hsfq_sleep(), andhsfq_update() as per the
relative to the node with identifieiint. rules defined above. We have implemented SFQ as well
e int hsfq_rmnod(int id, int mode): This system call as modified the existing SVR4 priority based scheduler
is used to remove a node from the scheduling structo operate as a scheduler for a leaf node. The SVR4
ture. A node can be removed only if it does not haveleaf scheduler in our implementation, as in the standard
any child nodes. release, uses a scheduling algorithm that is dependent on
the scheduling class of a thread (e.g., time-sharing, in-
e hsfq_move(int from, int to, .....): This system call  teractive, system, etc.). Hence, in our implementation, a
is used to move a thread from one leaf node to anscheduler for a leaf node itself can use multiple schedul-
other. ing policies.
Observe that the threads in a system may synchro-

o hsfq_admin(int node, int cmd, void *args) : This . . : .
system call is used for administration operations nize or communicate with each other, which can result

other than those mentioned above, on the schedulin! Priority inversion (i.e., a scenario in which a lower
structure. Examples of administration operationsPMOrity thread may block the progress of a higher prior-
include changing the weight of a node, determining'ty thre;ad). The threads that synchronlze/colmmunlcate
the weight of a node, etc. may either belong to the same Iegf class or different leaf
classes. Ifthe threads belong to different leaf classes, the
Given a scheduling structure, the actual scheduling ofiotion of priority inversion is not defined. Furthermore,
threads occurs recursively. To select a thread for execusynchronization between threads belonging to different
tion, a functiorhsfq_schedule() isinvoked. Thisfunction classes is not desirable, since that may lead to violation
traverses the scheduling structure by always selecting thef QoS requirements of applications. For example, if
child node with the smallest start tag until a leaf nodea thread in the real-time leaf class synchronizes with a
is selected. When a leaf node is selected, a functiothread in the best-effort class, then, since the best-effort
that is dependent on the leaf node scheduler, determine@ass does not perform any admission control, the QoS re-
through the function pointer that is stored in the leaf nodeguirement of the thread may be violated. Techniques for
by hsfq_mknod(), is invoked to determine the thread to avoiding priority inversion among threads belonging to
be scheduled. When a thread blocks or is preempted, tH&€ same leaf class, on the other hand, depend on the leaf
finish and the start tags of all the ancestors of the node télass scheduler. For example, if the leaf scheduler uses
which the thread belongs have to be updated. This is dongfatic priority Rate Monotonic algorithm, then standard
by invoking a functiorhsfq_update() with the duration ~ priority inheritance techniques can be employed [13, 14].
for which the thread executed and the node identifier ofSimilarly, when the leaf scheduler is SFQ, priority in-
the leaf node as parameters. version can be avoided by transferring the weight of the
A node in the scheduling structure is scheduled if andolocked thread to the thread that is blocking it. Such a
only if at least one of the leaf nodes in the sub-tree rootedransfer will ensure that the blocking thread will have a
at that node has a runnable thread. The eligibility ofweight (and hence, the CPU allocation) that is at least as
a node is determined as follows. When the first threadarge as the weight of the blocked thread.
in a leaf node becomes eligible for scheduling, function We envision that our scheduling infrastructure would
hsfq_setrun() is invoked with the leaf node’s identifier. be used by a QoS manager [10] in a multimedia sys-
This function marks the leaf node as runnable and altem (see Figure 4). Applications will specify their QoS
the other ancestor nodes that may become eligible as r@quirements to the QoS manager which would: (1) deter-
consequence. Note that this function has to traverse theine the resources needed to meet the QoS requirements
path from the leaf up the tree only until a node that isof the applications; (2) decide the scheduling class the ap-
already runnable is found. On the other hand, when th@lication should belong to, and create the class if it does
last thread in a leaf node makes a transitionto sleep modeot exist; (3) employ class dependent admission control
functionhsfq_sleep() is called with the leaf node’s iden- procedures to determine if the resource requirements can
tifier. This function marks the leaf node as ineligible andbe satisfied (some classes may have no admission con-
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We have evaluated the performance of our implementa-

tion using a Sun SPARCstation 10 with 32MB RAM.

All our experiments were conducted in multiuser modein spite of having the same user priority, the through-
with all the normal system processes. Most of our ex-put received by the threads in the time-sharing sched-
periments were carried out using the Dhrystone V2.1yler varies significantly, thereby demonstrating it's inad-
benchmark, which is a CPU intensive application thatequacy in achieving predictable allocation. In contrast,
executes a number of operations in a loop. The numbel| the threads in SFQ received the sametighput in

of loops completed in a fixed duration was used as th&onformance with the theoretical predictions. In [15], it
performance metric. We evaluated several aspects of thgas been demonstrated that when a multimedia applica-
hierarchical scheduler, the results of which are reportedion is run as a real-time thread in the SVR4 scheduler,
in the following sections. the whole system may become unusable. This limitation
of the SVR4 scheduler coupled with the unpredictability
of time-sharing algorithm clearly demonstrates the need
for a predictable scheduling algorithm for multimedia
We had argued that conventional time-sharing schedulergperating system.

are inadequate for achieving predictable resource allo-

cation in multim'edia pperating systems. To experimen-5_2 Scheduling Overhead

tally validate this claim, we compared the throughput

of 5 threads running Dhrystone benchmark under timeA key concern in using dynamic priority-based algorithm
sharing and SFQ schedulers. Whereas in the case sfich as SFQ is that the scheduling overhead may be high.
SFQ all the threads had equal weight, in the case ofo evaluate the overhead, we determined the ratio of
time-sharing scheduler all the threads were assigned thtbe number of loops completed by a thread in our hi-
same initial user priority. Figure 5 demonstrates thaterarchical scheduler and the unmodified kernel. In the

5 Experimental Evaluation

5.1 Limitation of Conventional Schedulers



hierarchical scheduler, we used the scheduling structure To demonstrate the feasibility of supporting hard real-
shown in Figure 6 with the threads belonging to nodetime applications in our hierarchical scheduling frame-
SFQ-1. To determine the effect of the number of threadsvork, we used the scheduling structure shown in Figure
on the scheduling overhead, the number of threads exes, and executed two threads (namely, thread1 and thread?2)
cuting the Dhrystone benchmark was varied from 1 to 20in the RT class of the SVR4 node, and an MPEG decoder
Figure 7(a) plots the variation in the ratio of the aggre-in SFQ-1 node. The SVR4 and the SFQ-1 nodes were
gate throughput of threads in our hierarchical schedulegiven equal weights. Whereas threadl executed for 10
to that in the unmodified kernel against the increase irms every 60 ms, thread2 required 150 ms of computa-
the number of threads. The ratio was determined by avtion time every 960 ms. Rate monotonic algorithm was
eraging over 20 runs and using a time quantum of 20msused to schedule these two threads. For each thread, a
As Figure 7(a) demonstrates, the throughput achievedlock interrupt was used to announce the deadline for
by our scheduler is within 1% of the throughput of the the current round and the start of a new round of com-
unmodified kernel. putation. The threads were scheduled for 25ms quan-
To evaluate the impact of the depth of the schedulingums. We measured the performance of the system using
structure, the number of nodes between the root clasivo parameters: (13cheduling latencywhich refers to
and the SFQ-1 class was varied from 0 to 30. As Figurdghe duration for which a thread has to wait prior to get-
7(b) demonstrates, in spite of the significant variation inting access to the CPU after its clock interrupt; and (2)
the depth, the throughput remains within 0.2%. Theseslack timgwhich refers to the difference in time between
experiments demonstrates that it is feasible to employhe deadline and the time at which the current round
SFQ for hierarchical CPU scheduling. of computation completes. Figure 9 depicts the varia-
tion in scheduling latency and slack time for eaolimd
for thread1l. Whereas Figure 9(a) illustrates that thread1
gained access to the CPU withibaunded period of time
We evaluated the effectiveness of SFQ in achieving hi{€qual to the length of the scheduling quantum) after its
erarchical CPU allocation using the scheduling structuré&!0ck interrupt, Figure 9(b) demonstrates that none of the
shown in Figure 6. Nodes SFQ-1, SFQ-2 and SVR4 werdeadlines fqr threadl were violated (i.e., the slack time is
assigned weights of 2, 6, and 1, respectively. Two thread@/Wways positive).
executing the Dhrystone benchmark were added to leaf
nodes SFQ-1 and SFQ-2 (SVR4 node contained all th®.4 SFQ as a Leaf Scheduler
other threads in the system). Figure 8(a) demonstrat(e;/

5.3 Hierarchical CPU allocation

luate the use of SFQ as a leaf scheduler, two threads
that the aggregate throughput of nodes SFQ-1 and SF o evall : ’
2 (measured in terms of number of completed loops o .gh wellghts 2and 10, gach(rjnnmg tze Berkeley MPEG
the Dhrystone benchmark) are in the ratio 1:3 (i.e., invideo player, were assigned to node SFQ-1. Figure 10

accordance to their weights). Observe that due to th@IOtS the number of frames decoded by each thread as

variation in the CPU usage of the threads belonging td function of time. It demonstrates that the thread with

node SVR4, the aggregate throughput of nodes SFQ-
and SFQ-2 fluctuates over time. In spite of this varia-
tion, nodes 1 and 2eceive thoughput in the ratio 1:3,

thereby demonstrating the SFQ achieves fair allocatio-5 Dynamic Bandwidth Allocation

ﬁ\r/ﬁg when the available CPU bandwidth fluctuates over, QoS manager may dynamically change the bandwidth

allocation of classes to meet the application requirements.

A kﬁy adr\]/lejnf:[fage Ofl oufr hiﬁrzrclhical sch(ta)duler Ids thatHence, SFQ should be able to achieve fair allocation even
even though different leaf schedulers may be usadn when bandwidth allocation is dynamically varied. To

node eceives its fair allocation and is isolated from the o - . ate this aspect of SFQ, two threads, each execut-
other nodes. To demonstrate this, we used the schedqi—lg the Dhrystone benchma;k were run in the SFQ-1

ing structure shown in Figure 6 with 2 threads in SFQ-1, 4o~ The pehavior of the threads was varied over time
and 1 thread in SVR4. SFQ-1 as well SVR4 nodes were,¢ ¢11ows:

assigned the same weight. Figure 8(b) demonstrates that

the threads in SFQ-1 node as well as SVR4 node make o At time 0, both threads were assigned a weight of

progress and are isolated from each other. Furthermore, 4 Hence, the throughput ratio between threads was
both SFQ-1 and SVR4 nodesceive the same thugh- 4:4.

put. This is in contrast to the standard SVR4 scheduler

where a higher priority class, such as the real-time class, ¢ Attime 4, the weight of thread 2 was changed to 2.

can monopolize the CPU. Hence, the throughput ratiebame 4:2.

eight 10 decodes twice as many frames as compared to
the other thread in any time interval.



15

14
@
£
2
e
)

5 13
2
2
S
2
3
£
K

g 12
£
5
S
5
o

11

1

Figure 7 : (a) Ratio of number of loops executed in hierarchical and unmodified scheduler; (b) Variation in throughput

(@)
T T
SFQITS —
i T— n i i n : —
2 4 6 8 10 12 14 16 18 20
Number of threads

with increase in depth of hierarchy

550000

500000

450000

400000

350000

Throughput

300000

250000

200000

150000

100000
0

Figure 8 : (a) Aggregate throughput of nodes SFQ-1 and SFQ-2;

Scheduling Latency (ms)
.
5

@
T

Throughput of SFQ-1 —
Throughput of SFQ-2 -~

Time

25 30 35 40

@
T T T T
Scheduling Latency —
1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180
Round Number

Thread throughput

Throughput

Slack Time (ms)

860000

855000

850000

845000

840000
0

2e+06

1.5e+06

1le+06

500000

55

50

45

40 |

35

30

25

(b)
T

T
Depth overhead —

10

15
Depth

30

(b) Throughput of nodes SFQ-1 and SVR4

(b)
T T
Throughput of SFQ-1 —
Throughput of SVR4 -
1 1 1 1
0 10 15 20 25
Time

30

(b)
T T T
Slack Time —
1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180

Round Number

Figure 9 : Variation in: (a) scheduling latency and (b) slack time



120

Since threads can only be serviced in quantums at a
time, WFQ emulates a hypothetical server by schedul-
e | ing threads in the increasing order of the finishing times
of the quantums of the threads in the hypothetical server.
To compute this order, WFQ associates two tagsast

tag and afinish tag with every quantum of a thread.
Specifically, the start ta@’(q‘}) and the finish tag?(q‘})

T
weight 10 —
weight 5 ----

100
80

60 [

Number of frames decoded

o 1 of quantu mq‘} are defined as:
] S(¢}) = max{v(A(¢}), F(¢} ™))} 5>1 (11)
g - P
0 2 4 6 s 10 12 14 16 18 F(q‘}_ ) = S(q‘}_ ) + — _] Z 1 (12)

Ty

Figure 10 : Number of frames decoded as a function of whereF (¢}) = 0 andv(t) is defined as the round number

time that would be in progress at tintein the hypothetical
server. Formallyy(¢) is defined as:
o At time 6, thread 1 was put to sleep. Hence, the do(t) _ ¢ (13)
throughput ratio bcame 0:2. dt 2 jeB() T

o Attime 9, thread 1 resumed execution. Hence, thevhere C' is the capacity of the CPU measured in in-
throughput ratio bcame 4:2. structions/second anl(t) is the set of runnable threads
at timet in the hypothetical server. WFQ then sched-
o Attime 12, the weight of thread 1 was changed toules quantums in the increasing order of their finish tags.
8. Hence, the throughput rati@came 8:2. WFQ has several drawbacks for scheduling a CPU:

o Attime 16, the weight of thread 2 was changed to ® As demonstrated in [6], WFQ does not provide fair-

4. Hence, the throughput rati@ebame 8:4.

o Attime 22, the weight of thread 1 was changed to
4. Hence, the throughput ratiebame 4:4.

Figures 11(a) and 11(b), respectively, illustrate that the
throughput of the threads (measured in terms of number of

completed loops) and their ratio varies as per the changes

in the weights of the threads. This demonstrates that
SFQ can achieve fairness even in the presence of dynamic
variation in weight assignments.

6 Related Work

We are not aware of any CPU scheduling algorithm that
achieves hierarchical partitioning while allowing differ-
ent schedulers to be used for different applications. How-
ever, since a fair scheduling algorithm is the basis for
achieving hierarchical partitioning, we discuss other such
algorithms proposed in the literature. Most of these algo-
rithms have been proposed for fair allocation of network
bandwidth; we have modified their presentation appro-
priately for CPU scheduling.

The earliest known fair scheduling algorithm is
Weighted Fair Queuing (WFQ) [3]. WFQ was designed
to emulate a hypothetical weighted round robin server in
which the service received by each thread imand is
infinitesimal and proportional to the weight of the thread.

ness when the processor bandwidth fluctuates over
time. Since fairness in the presence of variation in
available CPU bandwidth is crucial for supporting
hierarchical partitioning, WFQ is unsuitable for a
CPU scheduler in a general purpose operating sys-
tem.

WFQ requires the length of the quantums to be
known a priori. Though the maximum length of the
guantum may always be known (as the scheduler
can enforce it by preempting a thread), for environ-
ments in which the computation requirements are
not known precisely, the exact quantum length may
not be known. If WFQ assumes the maximum quan-
tum length for scheduling and if the thread uses less
than the maximum, the thread will not receive its fair
share. On the other hand, if WFQ is modified to re-
flect the actual length of the execution (by changing
the finish tag of a quantum after the end of its exe-
cution), then WFQ would have been modified in a
non-trivial manner. Though WFQ is known to have
bounded fairness, it is not known if the modified
algorithm retains its fairness properties.

o WFQ requires the computation eft), which, in

turn, requires simulation of the hypothetical server.
This simulation is known to be computationally ex-
pensive [4]. In contrast, SFQ computes the start and
the finish tags efficiently.
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¢ The unfairness of WFQ, as derived in [16], is sig- CPU bandwidth fluctuates over time, and consequently
nificantly higher than SFQ. is unsuitable for hierarchical partitioning. Furthermore,
it is not known to have any better properties than SFQ.

Self Clocked Fair Queuing (SCFQ), originally pro-
posed in [2] and later analyzed in [4], was designed to
reduce the computational complexity of fair scheduling

[T algorithms like WFQ. It achieves efficiency over WFQ
EAT(q‘}) + L4 (14) by approximating(¢) with the finish tag of the quantum

rs C in service at timg. However, since SCFQ also sched-
ules quantums in increasing order of finish tags, it is

where!™%* is the maximum quantum length ever . : ; . : .
: unsuitable for scheduling CPU in a multimedia operating
scheduled atthe CPU. Hence, using (8), we conclude : ;
. . ) : - system. Furthermore, although it has the same fairness
that the difference in maximum delay incurred in

N . and implementation complexity as SFQ, it provides sig-
SFQ and WFQ, denoted U)l(qf), 'S given as- nificantly larger delay guarantee than SFQ. Specifically,

o WFQ provides high delay to low throughput appli-
cations. Specifically, it guarantees that quant};m
will complete execution by:

. l]
maz [ J maz itincreases the maximum delay of quant -L [6].
NV DL S S SRR o
I C C ry C Inthe OS context, a randomized fair algorithm, termed
ne@AnES lottery scheduling, was proposed in [19]. Due to its ran-

Now, if all quantums are of the same lengths thendomized nature, lottery scheduling achieved fairness only
A( j’) <0(.e., SFQ providesabetterdelayguéran-over large time-intervals. This limitation was later ad-
I dressed by stride scheduling algorithm [18]. The strid
tee) ifr; < ——. Since this condition is expected ressed by stride scheduling algorithm [18]. The stride
f=T1Q1 L scheduling algorithm is a variant of WFQ and, conse-
to hold for low throughput applications, we conclude '
that SFQ provides lower delay to low throughput quently, has all the'drawbacks Qf WFQ. Furthermorg, no
applications. Since interactive applications are IOWtheoretlcal properties of the stride scheduling algorithm

throughput in nature, this feature of SFQ is highly are Known. Recently, a pportionate §hare resource al-
. . location algorithm, referred to as Earliest Eligible Virtual
desirable for CPU scheduling.

Deadline First (EEVDF), has been proposed [17].

Fair Queuing based on Start-time (FQS) was proposed Hierarchical partitioning of resource allocation was
in [7] to make WFQ suitable for CPU scheduling when also proposed in [19] using the abstraction of tickets and
guantum length may not be known a priori. It computescurrencies. In that framework, a thread is allocated tick-
the start tag and the finish tag of a quantum exactly as iets in some currency and the currency, in turn, is funded
WFQ. However, instead of scheduling quantums in then terms of tickets of some other currency. The “fund-
increasing order of finish tags, it schedules them in thaéng” relationship is such that the value of a ticketin every
increasing order of starttags. Since quantum lengthis naturrency can be translated to a value in the base currency.
required for computing the start tag, it becomes suitablévery thread then is allocated resources in proportion to
for CPU scheduling. However, its main drawbacks arethe value of its tickets in the base currency using lottery
that: (1) just as WFQ, it is computationally expensive, scheduling. This achieves hierarchical partitioning since
and (2) it does not provide fairness when the availabléf a thread becomes inactive, the value of the tickets of the



threads that are funded by the same currency increase® 4. We demonstrated that our framework: (1) enables
This specification of hierarchical partitioning is similar co-existence of heterogeneous schedulers, (2) protects
to our scheduling structure. However, the key differencespplication classes from each other, and (3) does not
between our framework and the approach of [19] are agmpose higher overhead than conventional time-sharing
follows. First, our framework permits different schedul- schedulers. Thus, our hierarchical scheduling framework
ing algorithms to be employed for different classes ofis suitable for multimedia operating systems.
applications, whereas the framework of [19] does not.
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