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Abstract. We propose two complementary methods to account for sched-
uler overhead in the schedulability analysis of Variable Bandwidth Servers
(VBS), which control process execution speed by allocating variable CPU
bandwidth to processes. Scheduler overhead in VBS may be accounted
for either by decreasing process execution speed to maintain CPU uti-
lization (called response accounting), or by increasing CPU utilization
to maintain process execution speed (called utilization accounting). Both
methods can be combined by handling an arbitrary fraction of the total
scheduler overhead with one method and the rest with the other. Dis-
tinguishing scheduler overhead due to releasing and due to suspending
processes allows us to further improve our analysis by accounting for
releasing overhead in a separate, virtual VBS process, which increases
CPU utilization less than through regular utilization accounting. The
remaining overhead may then be accounted for in either more increased
CPU utilization, or decreased process execution speed. Our method can
readily be generalized to account for non-constant scheduler overhead,
motivated by our VBS implementation, which can be configured to run
(with increasing space complexity) in quadratic, linear, and constant
time (in the number of processes). Although our analysis is based on the
VBS model, the general idea of response and utilization accounting may
also be applied to other, related scheduling methods.

1 Introduction

We study scheduler overhead accounting in the schedulability analysis of Vari-
able Bandwidth Servers (VBS) [10,12]. VBS are a generalization of Constant
Bandwidth Servers (CBS) [1]. A CBS allocates a constant fraction of CPU time
to a process (the server bandwidth) at a constant granularity (the server period).
Multiple CBS processes are EDF-scheduled using the server periods as deadlines.
A VBS is similar to a CBS but also allows the process to change its execution
speed at any time, i.e., change both server bandwidth and server period, as long
as the resulting CPU utilization remains under a given bandwidth cap. The por-
tion of process code from a change in speed to the next is called an action. A
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VBS process is therefore a sequence of actions. The total time to execute an
action is explicitly modeled and called the response time of the action. The key
result of VBS is that, for each action of a VBS process, there exist lower and
upper bounds on response times and thus also on jitter that are independent of
any other concurrently executing VBS processes, as long as system utilization
(the sum of all bandwidth caps) is less than or equal to 100% [10, 12] (Section 3).

This paper generalizes the result to include the overhead of scheduler execu-
tion. We first determine an upper bound on the number of scheduler invocations
that may occur during a given amount of time (Section 4). This is possible
because process release and suspend times are known in VBS. We then show
that there are two complementary methods to account for scheduler overhead,
either by decreasing the speed at which processes run to maintain CPU utiliza-
tion (called response accounting), or by increasing CPU utilization to maintain
the speed at which processes run (called utilization accounting). Response ac-
counting decreases the net server bandwidth available to a process by dedicating
some of its bandwidth to the scheduler. Utilization accounting increases the
server bandwidth to maintain the net bandwidth available to a process. In other
words, with utilization accounting, the bounds on response times are maintained
while CPU utilization is increased whereas, with response accounting, the up-
per bounds on response times and thus on jitter are increased while utilization
is maintained. Both methods can be combined by handling an arbitrary frac-
tion of the total scheduler overhead with one method and the rest with the
other. We also show, by example, that the fraction may be chosen within server-
and process-dependent intervals such that CPU utilization decreases while the
response-time bounds and thus the speed at which processes run remain the
same (Section 5).

Next, we observe that there is a natural division of the VBS scheduler over-
head into overhead due to releasing and due to suspending processes. Moreover,
we note that our previously mentioned upper bound on the number of sched-
uler invocations can be improved for the scheduler invocations due to releasing
processes by accounting for them in a separate, virtual VBS process instead of
the given VBS processes (Section 6). The virtual process is then accounted for
in increased CPU utilization yet less than in regular utilization accounting. The
remaining overhead due to suspending processes may then be accounted for in
either more increased CPU utilization, or increased response-time bounds and
thus decreased speed at which processes run. The former method is pure uti-
lization accounting, the latter method is combined accounting. Pure response
accounting does not apply here.

Up until this point we have assumed that there is a constant upper bound on
the execution time of any scheduler invocation. The VBS scheduling algorithm
itself is indeed constant-time. Even queue management in VBS can be done in
constant time. However, our VBS implementation features a plugin architecture
for queue management so that other plugins with non-constant-time complexity
(but less space complexity) can be used. In addition to the constant-time plugin,
there are also a list-based, quadratic-time and an array-based, linear-time plugin



(in the number of processes) [10, 12]. We briefly show that our method can readily
be generalized to account for non-constant scheduler overhead (Section 7) and
then conclude the paper (Section 8).

Note that, although our analysis is based on the VBS model, the general idea
of response and utilization accounting may also be applied to CBS as well as to
RBED [4], which is another rate-based scheduler closely related to VBS. More
detailed related work is discussed next.

2 Related Work

We first put Variable Bandwidth Servers (VBS) [10,12] in the context of earlier
work on scheduling. We then identify examples of response and utilization ac-
counting in related work on scheduler overhead. We also acknowledge previous
work on a wider range of issues dealing with general system overhead.

The Generalized Processor Sharing (GPS) approach introduced an idealized
model of resources for fair scheduling based on the assumption that resource
capacities are infinitely divisible [21]. Proportional-share algorithms (PSA) such
as [13] approximate GPS using quantum-based CPU scheduling techniques. Con-
stant Bandwidth Servers (CBS) [1] are related to PSA [2] but allocate a constant
fraction of CPU time to each process (server bandwidth) at a constant granu-
larity (server period). VBS is a generalization of CBS that allows processes to
change their servers’ bandwidth and period (also called virtual periodic resource,
or resource reservation [22]) at runtime as long as the CPU capacity is not ex-
ceeded.

VBS is closely related to RBED, which is a rate-based scheduler extending re-
source reservations for hard real-time, soft real-time, and best effort processes [4].
Like VBS, RBED uses EDF scheduling and allows dynamic bandwidth and rate
adjustments. While the capabilities are similar, RBED and VBS differ on the
level of abstractions provided. In VBS we model processes as sequences of actions
to quantify the response times of portions of process code, where each transition
from one action to the next marks an adjustment in bandwidth and rate.

Other scheduling techniques related to VBS include elastic scheduling [§],
handling of quality of service [20] and overload scenarios [3], and runtime server
reconfiguration in CBS using benefit functions [25].

Next, we identify examples of response and utilization accounting in related
work dealing with scheduler overhead. In [17], given a set of dynamically sched-
uled periodic interrupts and tasks, interrupt handler overhead is accounted for
in the processor demand of the tasks (related to utilization accounting). In [6],
given a set of periodic tasks, so-called explicit overhead through system calls
invoked by task code is accounted for in the worst-case execution times of tasks
(response accounting) and so-called implicit overhead through scheduler invoca-
tions and interrupts is accounted for in CPU utilization (utilization accounting).
In [5], given a set of periodic tasks, interrupt and fixed-priority scheduling over-
head is accounted for in the response times of the tasks (response accounting).
In [9], given a CBS system, scheduler overhead due to suspending processes is



accounted for in response-time bounds of so-called jobs (response accounting).
The response-time bounds are tighter than ours exploiting the fact that server
parameters cannot be changed and scheduler invocations due to releasing pro-
cesses are not considered.

In a wider context, examples of previous work dealing with general system
overhead are an analysis of event- and time-driven implementations of fixed-
priority scheduling [18], algorithms to compute the number of preemptions in
sets of periodic, DM- and EDF-scheduled tasks [15], and a study of RM and
EDF scheduling that includes a comparison of context-switching overhead [7].
There is also work on reducing context-switching overhead through a modified
fixed-priority scheduler [16] and on reducing the number of preemptions in fixed-
priority scheduling without modifying the scheduler [14]. The effects of cache-
related preemption delays on the execution time of processes are analyzed in [19]
and [23].

3 VBS scheduling

We have introduced VBS scheduling in previous work [10,12]. Here, we briefly
recall the necessary definitions and results. A variable bandwidth server (VBS)
is an extension of a constant bandwidth server (CBS) where throughput and
latency of process execution can vary in time under certain restrictions. Given
a virtual periodic resource [24], defined as a pair of a period and a limit (with
bandwidth equal to the ratio of limit over period), a CBS executes a single
process no more than the amount of time given by the resource limit in every
time interval given by the resource period. A VBS may vary the virtual periodic
resource (change the resource periods and limits), as long as the bandwidth
does not exceed a predefined bandwidth cap. A process running on a VBS can
initiate a resource switch at any time. The process code from one switch to the
next is called a process action. The execution of a process is thus potentially an
unbounded sequence of actions. In practice each action can be seen as a piece of
sequential code that has a virtual resource associated with it. We implemented a
VBS-based scheduling algorithm [11], with four alternative queue management
plugins based on lists, arrays, matrices, and trees. The plugins allow trading-off
time and space complexity.

3.1 Process Model

A process P(u) corresponding to a VBS with utilization u is a finite or infinite
sequence of actions,
Pu) = apaia . ..

for a; € Act, where Act = N x R, with R being the finite set of virtual periodic
resources [24], explained below. An action a € Act is a pair o = (I, R) where [
standing for load is a natural number which denotes the exact amount of time
the process will perform the action on the virtual periodic resource R. The load
of an action can be understood as the worst-case execution time of the piece



of code that constitutes the action. The virtual periodic resource R is a pair
R = (\,7) of natural numbers with A < 7, where A denotes the limit and 7
the period of the resource. The limit A\ specifies the maximum amount of time
the process P can execute on the virtual periodic resource within the period 7,
while performing the action «. The utilization of R is ug = % < u.

3.2 Schedulability analysis without overhead
Let P be a finite set of processes. A schedule for P is a partial function
c:N—P

from the time domain to the set of processes. The function o assigns to each
moment in time a process that is running in the time interval [t,¢ + 1). If no
process runs in the interval [t,t + 1) then o(¢) is undefined. Any scheduler o
of VBS processes determines a unique function o : N < P x R that specifies
which virtual periodic resource is used by the running process.

We are only interested in well-behaved schedules with the property that for
any process P € P, any resource R € R with R = (A, 7), and any natural
number £ € N

[t € b, (k+ 1)) | or() = (P, R)} < A

Hence, in such a well-behaved schedule, the process P uses the resource R at
most A units of time per period of time 7. Our scheduling algorithm produces
well-behaved schedules.

a; =14 Cq fi
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Fig. 1. Scheduling an action «; with both release strategies, where A\; =2 and m; =4

For each process action «; we denote the following absolute moments in time,
which are also depicted in Figure 1:

— Arrival time a; of the action «; is the time instant at which the previous
action of the same process has finished. The first action of a process has zero
arrival time.

— Completion time ¢; of the action «; is the time at which the action completes
its execution. It is calculated as

ci=min{ceN|l; = [{t € [a;,¢) | o(t) = P}|}.



— Termination or finishing time f; of the action «; is the time at which the
action terminates or finishes its execution, f; > ¢;. We adopt the following
termination strategy: The termination time is at the end of the period within
which the action has completed.

— Release time r; is the earliest time when «; can be scheduled, r; > a;. As
shown in Figure 1, we consider two release strategies. In the early release
strategy r; = a;, i.e., the process is released immediately upon arrival with a
fraction of its limit computed for the remaining interval until the period ends.
The late release strategy delays the release of an action until the beginning
of the next period. The early release strategy may improve average response
times.

The scheduled response time s; of the action «; under the scheduler ¢ is the
difference between the finishing time and the arrival time, i.e., s; = f; — a;.

We digress at this point for a brief elaboration on the type of tasks that are
generated by VBS processes, which are used to prove the VBS schedulability
result.

Let 7 = (r,e,d) be an aperiodic task with release time r, execution duration
e, and deadline d. We say that 7 has type (\,m) where A\ and 7 are natural
numbers, A < 7, if the following conditions hold:

— d = (n+ 1)7 for a natural number n such that r € [nm, (n + 1)7), and
—e<(d—r)2.

s

The task type (A, 7) represents a virtual periodic task which we use in order
to impose a bound on the aperiodic task 7. If the release of 7 is at time nm,
the execution duration e is limited by A. Otherwise, if the release is not at an
instance of the period 7, the execution duration is adjusted so that the task 7
has utilization factor at most % over the interval [r, d].

Let S be a finite set of task types. Let I be a finite index set, and consider
a set of tasks

{rij=(rij,eijdig)|i€l,j=0}

with the properties:

— Each 7; ; has a type in S. We will write (\; j, 7 ;) for the type of 7; ;.
— The tasks with the same first index are released in a sequence, i.e., 75 j11 >
di)j and rio0 = 0.

We refer to such a set as a typed set of tasks.

Lemma 1 ([12]). Let {r; ; | i € I,j > 0} be a set of tasks as defined above. If

i &
max —% <1,
ieg 120 i
then this set of tasks is schedulable using the EDF strategy at any point of time,
so that each task meets its deadline. |



The proof of Lemma 1 follows the standard periodic EDF proof of sufficiency
with the addition that the periods of the tasks may change in time. The full proof
can be found in our previous work on VBS [12]. The same result in a different
formulation has also been shown in [4].

Using the definition of VBS processes and actions we can give both response-
time bounds for an action and a constant-time schedulability test for an ideal
system, i.e., a system without overhead.

Let P = {P;(u;) | 1 <i < n} be afinite set of n processes with corresponding
actions «; ; = (l;,j, R ;) for j > 0. Each P;(u;) = 0041 ... corresponds to a
VBS with utilization u,;. Let R; ; = (\; j, 7 ;) be the virtual periodic resource
associated with the action «; ; with I; ;, A; ;, and m; ; being the load, the limit,
and the period for the action «; ;. The upper bound for the response time of
action o ; is

L.

sz = ’7)\7’?]-—‘ T —+ Ti,j — 1.
i,

The lower response-time bound varies depending on the strategy used, namely

lin

oL | mij , for late release
1,7

VA
{ﬁ m;,; , for early release.

Note that the lower bound in the early release strategy is achieved only if A; ;

.. . . li [ ;. .
divides l; ;, in which case L\—]J = )\—]—‘ . From these bounds we can derive that
i,j i,

the response-time jitter, i.e., the difference between the upper and lower bound
on the response time, is at most m; ; — 1 for the late release strategy and at most
2m; ; — 1 for the early release strategy. It is possible to give more precise bounds
for the early strategy (using (2) and (3) below) and show that also in that case
the jitter is at most m; ; — 1.

We say that the set of VBS processes is schedulable with respect to the
response-time bounds b7’ ; and bﬁ ; if there exists a well-behaved schedule o such
that for every action «; ; the scheduled response time s; ; satisfies béyj <555 <
bi';-

It is important to note that each action a; ; of a process produces a sequence
of tasks with type (\;;,m; ;) that are released at period instances of the vir-
tual periodic resource used by the action. Scheduling VBS processes therefore
amounts to scheduling typed sets of tasks. We call the release of such a task an
activation of the action.

Proposition 1 ([10,12]). Given a set of VBS processes P = {P;(u;) |1 < i <

n}, if

Zui S 17

iel
then the set of processes P is schedulable with respect to the response-time bounds
b;fj and bé’ ;e



Proof. As mentioned above, each process P; provides a typed set of tasks since
each action o ; of the process is split into several tasks that all have the type
(Ai,j, ™ ;). The tasks are released in a sequence, i.e. the release time of the next
task is always equal or greater than the deadline of the current task (also due to
the termination strategy). We can thus apply Lemma 1 and conclude that the
set of tasks is schedulable. To check the bounds, we distinguish a case for the
early release strategy and one for the late release strategy in terms of the first
task of an action. The details can be found in [12]. We present the proof for the
lower bounds which is not discussed in [12]. For each action «; j, according to
the termination strategy and the late release strategy, we have

L.

fig=rig+ kfﬂ Tij (1)
i,

where the release times are given by r; ; = n;m; ; for some natural number n;

such that the arrival times are a; ; = f; j—1 € ((nj; — 1)m; j,n;m; ;). Therefore,

for the late strategy we have

—

) | iy
Sij = fig = @ij = |7 | Tig +Tig — Qi

>\747J
l, .
> | -‘ i, j
h\m ’

= bl ;» for late release.

For the early release strategy we distinguish two cases depending on whether
the following inequality holds

I > — 22N 2
{mm,jJ - L\MJ 7 @

where m = N5 — Tij and Tij = Qi 5 = fz}jfl S ((nj — 1)71'1"]‘,71]'71'1')]‘}. The
finishing time for the action «; ; is

a5 + U\LJ 7,5 +m , if (2) holds

i
2%
L .
a;; + [—J—‘ m;; +m , otherwise

Ai,j

In both cases f; ; > L\/]J i + Qi 5, SO

sij = fij — aij

L
> % J T
bm "

—pl

1,37

for early release.



In the following sections we analyze VBS schedulability in the presence of
scheduler overhead. In particular, we define an upper bound on the number of
scheduler invocations that occur within a period of an action, and perform an
analysis of the changes in the response-time bounds and utilization due to the
scheduler overhead.

4 VBS scheduling with overhead

Our first aim is to bound the number of scheduler invocations over a time in-
terval. In particular, we need the worst-case number of preemptions, and hence
scheduler invocations, that an action of a VBS process experiences during a pe-
riod. Hence, by overhead we mean the overhead due to scheduler invocations
(and not interrupts or other types of system overhead).

Typically the duration of a scheduler invocation is several orders of magnitude
lower than a unit execution of an action. Therefore, we assume that all periods
belong to the set of discrete time instants M = {c-n | n > 0} C N, for a
constant value ¢ € N, ¢ > 1. Hence, for any action «; ; with its associated virtual
periodic resource R; ; = (\; j,m;,;) we have that m; ; = c-ﬂ'Lj with 71'27]- € N. We
call ¢ the scale of the system. Intuitively we can say that there are two different
timelines, the “fine-grained timeline” given by the set of natural numbers and
the “coarse-grained timeline” given by the set M. Resource periods are defined
on the “coarse-grained timeline”, while the execution time of the scheduler is
defined on the “fine-grained timeline”.

In VBS scheduling, a process P; is preempted at a time instant ¢ if and only
if one of the following situations occurs:

1. Completion. P; has completed the entire work related to its current action
@i = (lij, Rij)-

2. Limit. P; uses up all resource limit \; ; of the current resource R; ;.

3. Release. A task of an action is released at time ¢, i.e., an action of another
process is activated. Note that all preemptions due to release occur at time
instants on the “coarse-grained timeline”, the set M.

Ezxzample 1. Consider the first action of three processes Py, P, and Pz, with
corresponding virtual periodic resources Ri g = (A1,0,71,0) = (10,40), Rog =
()\2,0,772,0) = (10,60), and R3,0 = (/\370,7'(370) = (50, 100), and loads 30, 20, and
100, respectively. Figure 2 shows an example schedule of the three actions up
to time 120 and the time instants at which preemptions occur. Preemptions
that occur because of the release of an action instance (action activation) are
labeled with R, preemptions that occur because an action has finished its limit
are labeled with L, and preemptions that are due to an action finishing its entire
load have the label C. At time 0,40, 60, 80, and 100 preemptions occur due to an
activation of one of the three actions, while at time 10, 20, 50, and 80 preemptions
occur because an action has used all its limit for the current period. At times
90 and 100 preemptions occur due to completion of an action. At certain time
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Fig. 2. Example schedule for processes Pi, P>, and P

instants such as 80 and 100 there is more than one reason for preemption. In
this example the scale ¢ of the system is 10.

Let us first consider preemptions due to release, i.e., activation of an action.
Each activation happens when a new period of the used virtual periodic resource
starts. Hence, an action ¢; ; with a virtual periodic resource (A; j, m; ;) will only
be activated at time instants k - m; ; with £ € N. Therefore, in the worst-case
scenario, the preemptions caused by action activations of all processes in the
system occur at all time instants in the set {k-ged({m; ; | i € I,j > 0}) | k € N}.
Note that, because the periods of all actions in the system are on the “coarse-
grained timeline”, ged({m; ; |t € I,j > 0}) > c.

We compute the scheduler overhead for each action using an upper bound
on the number of preemptions during one period of the respective action.

Lemma 2. Let P = {P;(u;) | 1 <i < n} be a set of VBS processes with actions
o, ; and corresponding virtual periodic resources (\; j,m; ;). There are at most

_ R L
Nij=Nij+ N
scheduler invocations every period m; ; for the action oy ;, where

fig } (@)

NE —
b ged({mmn | meI,n>0,m+#i})

and ij =1.

Proof. As discussed above, there are scheduler invocations at most at every
k- ged({mmn | m € I,n > 0}),k € N due to release. For an action ¢ ; with
period 7; j, belonging to a process P;(u), the number of preemptions due to
release of other processes does not depend on its own period nor on the periods
of the other actions of the same process. Hence, there can be at most ij
preemptions due to release over a period of the considered action. By design of
the scheduling algorithm, there is exactly one more scheduler invocation due to
the action using all its limit or completing its entire load in each period, i.e.,
NE =1, [ |



This is a pessimistic approximation which could be improved by running a run-
time analysis that considers only the periods of the active actions at a specific
time. Nevertheless, we take the pessimistic approach in order to be able to ana-
lyze the system off-line.

Another bound on the number of preemptions due to release for sets of pe-
riodic tasks has been given in [6]. For an action «; j, it calculates the number
of period instances from other actions that occur during the period m; ;. The
worst-case number of scheduler invocations for a period ; ; of an action due to

release is thus
EE )

ket 150 Tkl

Depending on the periods in the system one of the two given bounds approxi-
mates the worst-case number better than the other. Consider for example a case
where the periods in the system are 3, 5, and 7. In this case (5) approximates
the number of preemptions better than (4). In another example, if the periods
in the system are 2, 4, and 6, then (4) provides a more accurate bound than
(5). We choose to consider (4) for a bound on the number of preemptions due
to release, for reasons that will be explained in Section 6.

Case |Overhead distribution Load
b u * lij
RA | 005 =10i4, 005 =0 lij=lij+ [Ai,jfsi Jl 0i.j
b U * i j
b u Lij b * lé,_ u
RUA 075,055 >0 i =i+ . ;755], Oige by =li; + [Alﬂ 0is
Case|Utilization Schedulability test
Xij i
RA o Zie[ max;>o - <1
v e
UA |20 795 ey max; o Aig T 00§
X 1T — % 1o
RUA| 22— 209 F 0 Zie[ max;>o i 04 <1
i - i

Table 1. Scheduler overhead accounting

5 Schedulability analysis with overhead

In a real system the scheduler overhead manifests itself as additional load which
must be accounted for within the execution of a process in order not to invalidate
the schedule of the system. Let & denote the duration of a single scheduler



invocation. The total scheduler overhead for one period of action o ; is therefore
0ij = Nij- &

Hence, the total overhead is made up of N;; pieces of £ workload. An impor-
tant aspect in the analysis is that a scheduler invocation with overhead £ is
nonpreemptable.

Accounting for the overhead can be done in two ways. One way is to allow
an action to execute for less time than its actual limit within one period and
use the remaining time to account for the scheduler overhead. The other way
is to increase the limit such that the action will be able to execute its original
limit and the time spent on scheduler invocations within one period. Intuitively,
the first method increases the response-time bounds, and the second increases
the utilization of an action. We recognize a fundamental trade-off between an in-
crease in response time versus utilization by distributing the amount of scheduler
overhead. Namely, we write that the overhead is

0ij = 07+ 615,
where (55” ; 1s the overhead that extends the response-time bounds of the respective
action and ¢&;'; increases the utilization. Note that no scheduler invocation is
divisible, i.e., both 52;‘ and §;'; are multiples of &.

There are three cases:

— Response accounting (RA), §; ; = (53 ;» when the entire overhead is executing
within the limit of the action, keeping both the limit and period (and thus the
utilization) of the actions constant but increasing the response-time bounds.

— Utilization accounting (UA), §;; = d;';, when the entire overhead increases
the limit of the action, and thus the utilization, but the response-time bounds
remain the same.

— Combined accounting (RUA), with ¢; ; = 52]- + 635, (53]- > 0, and 6;; > 0,

which offers the possibility to trade-off utilization for response time, for each
action, in the presence of scheduler overhead.

L (RS
b b3
| L,
|

response time

jitter

Fig. 3. Bounds and jitter with and without overhead

For an action «; j, in the presence of overhead, we denote the new load by

the new limit by A7, and the new utilization by u; ;. Using these new

I*

2,37



parameters for an action we determine the new upper and lower response-time
bounds which we denote with b}’ and bé’fj, respectively. The upper response-time
bound b;'% for action «; j is

I* .
bz; = ’7;;] —‘ 7Ti,j + 7Ti7j —1. (6)

J

The lower response-time bound bﬁ:“j for o, ; using the late release strategy is

I
by = L\;jw Tijs (7)
v,

whereas using the early release strategy is

I
by = L\;J J Tij- (8)

%]

In the previous section we have given an upper bound on the number of
preemptions that an action will experience during one period. This number is
used to compute the scheduler overhead and hence the new response-time bounds
for the respective action. As shown in Figure 3 and discussed in the remainder
of this section, both the upper and the lower bounds increase if we assume that
the worst-case number of preemptions actually occurs. However, our analysis
does not provide information on the actual number of scheduler invocations
during one period. Hence, when determining the upper bound on response-time
jitter, the assumption that an action always experiences the worst-case number
of preemptions is invalid. Therefore, the jitter is at most the difference between
the new upper response-time bound b;'; and the ideal lower response-time bound
bﬁ’j, as shown in Figure 3.

Table 1 summarizes the three cases which we discuss in detail in the re-
mainder of this section. We elaborate on the change in response-time bounds,
utilization, and jitter for each case.

5.1 Response Accounting

In the response accounting case each action executes for less time than its actual
limit so that enough time remains for the scheduler execution. As a result, the
action will not execute more than its limit even when scheduler overhead is
considered. In this way the utilization of the action remains the same but its
response-time bounds increase. We have that §; ; = 55”]-.

Ezample 2. Consider the same processes as in Example 1. The schedule in Fig-
ure 4 shows how the scheduler overhead can be accounted for. At each scheduler
invocation due to release (labeled with R), the process that is scheduled to run
accounts for the overhead. Note that in our analysis, unlike in this example
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Fig. 4. Example of response accounting of scheduler overhead

schedule, we account for an over-approximation of the number of scheduler in-
vocations due to release. In the case of preemptions due to limit or completion
(labeled with L or C) the preempted process accounts for the overhead. This
implies that in case of preemptions due to limit, the action has to be preempted
before the limit is exhausted so that there is time for the scheduler to execute
within the limit.

The response-time bounds for each action differ from the ones given in Sec-
tion 3.2 due to the fact that each action can execute less of its own load in the
presence of scheduler overhead. We compute the new load of the action «; ; as

. _ lig

Ly =1li;+ L\m‘ = 6“—‘ i g

An obvious condition for the system to be feasible is d; ; < A; ;. Intuitively, if
di,j = Aij, the action «; ; would make no progress within one period as it will
just be executing the scheduler, and hence it will never complete its load. If
di; > A j, given that the execution of the scheduler is nonpreemptable, «; ; will
exceed its limit A; ;, which may result in process actions missing their deadlines
or processes not being schedulable anymore. The new limit and utilization of the
action are the same as without overhead, i.e. A7, = A;j and u;; = u;j = j‘r‘—j
Since lf’j > [;; and /\;"j = )\;;, we get that both the upper and the lower
response-time bound increases in case of response accounting.

Proposition 2. Let P = {P;(u;) | 1 < i < n} be a set of VBS processes each
with bandwidth cap u;. If

Ziel u; <1 and (Sz‘,j < )\7;7]',
with 6; 5, Xij as defined above, then the set of processes are schedulable with

respect to the new response-time bounds b}'; and b,lt- in the presence of worst-
case scheduler overhead.

*
)7



Proof. The proof follows from Proposition 1, and the discussion above, when
substituting the load /; ; with the new load [} ;. n

The jitter for any action «;; in the response accounting case is at most
pux _ pt
h,j  Vigt ) ) )
For further reference, we write the new load in the response accounting case
as a function

l
RA(L N 6) =1+ {Mw .

5.2 Utilization Accounting

In the utilization accounting case an action is allowed to execute for more time
than its original limit within a period in order to account for scheduler overhead.
Thus, we have that ¢; ; = d;';. The new load of action «; ; becomes

. i g

0]

The new limit is A7 ; = A; ; + d; j, and the new utilization is

If

douf <1,

icl
then the set of processes P is schedulable with respect to the original response-
time bounds b ; and bé’j defined in Section 3.2, in the presence of worst-case
scheduler overhead.

Proof. We consider a modified set of processes P* = {P*(u}) | 1 <i <n}. By
Proposition 1, this set of processes is schedulable with respect to the response-
time bounds b;"% and béj‘j calculated using the new load [ ; and the new limit
A; ;- We will prove that the upper response-time bounds with the new load and
limit for action «; ; are the same as the original upper bounds without overhead
(bi'5 = bi;), and the new lower bound is not lower than the old lower bound
(b > bl ;). We start by showing that RJJ—‘ = HTJ]—‘

Let d € R be the difference

d = 1173 _l;;J
Aij AFT

1,3




It suffices to establish that d € [0,1) in order to prove our claim. We have,

d= W”-‘ gt R]J] 0ij Rﬂ Aij = lig

Aij Xij+0i; i+ 0

Both [ 552 | Aij = Liy = 0 and Ay + 615 > 0, 50 d > 0.

i

&,

~ >

L L s L s L s .
i, _ i, _ K2¥) KEW]
If L\w_—l =3 then d = 0 and we are done. If [/\J—‘ #+ oy We can write

li ] li
L= |2l | N+ A= |20 A, — (A — A),
5J \‘Ai,jJ ,]+ ’V/\Lj-‘ 5J ( 5J )

for 0 < A < A; ;. Therefore,

d= < .
Aij+0ij  Aij+0i

.
L

Hence we have established Rt’ 1 = R@—]—‘ We then show that | =

i i
There are three cases to consider:

VR ] )

7 3

- . I I L

2. It A; j does not divide [; ;, but A7 ; divides [ ;, then L\JJJ — | hs | S L\JJ

L. If A; j does not divide [; j, and A} ; does not divide I} ;, then UJ J = | s J
i

3. The case when A; ; divides [; j, but A7 ; does not divide [} fjlot possible,

since as we saw before, if \; ; divides [; ;, then A7 ; divides [ ;.
; ;

Hence, the set of processes is schedulable with respect to the old upper bound
and the new lower bound (which is greater than or equal to the old lower bound),
which makes it schedulable with respect to the old bounds. |

In the utilization accounting case, the jitter for any action is the same as in
the analysis without overhead, because the response-time bounds are the same.
We write the new load again as a function

UA(LNG) =1+ KW 5.

5.3 Combined Accounting

In the combined accounting case, both the response-time bounds and the uti-

lization of an action increase. We have that &;; = 67 ; 4 6;, 67; > 0, and
5% > 0. Given an action «;; with its associated virtual periodic resource
Rij = (Aij,mij), and load l; ;, the new load 7 ; is computed in two steps.
First we account for the overhead that increases the response time

L
o=l + | ——— | 6,
5] J /\i,j_af’j 5



and then we add the overhead that increases the utilization

I
=l + { ”ﬂag..
5J 5] >\7'7_7 5]

The load function for the combined case is therefore

RUA(I, ), 6%,6%) = UA(RA(L, X\, 6%), \, 04).

u

i, and the utilization becomes

The new limit for action a; j is A7 ; = Ai j +0

The upper response-time bound b;"; for action «; ; is now

RUA(L; j, Mi j, 00,68 )

4,37 74,g
o u
Aij + 05

ux
bij = i+ mig— 1.

The lower response-time bound bﬁj‘j for the same action using the late release
strategy is ) )
RUA(lij, Aij, 075, 035)

Ix __ 4,0 "4,J .
bi,j = i g

Xij + (5ij

and using the early release strategy is

o _ | BUAGs; X0 00508) |
2,7 Al7] —‘,—6;“;] 2,7

Proposition 4. Given a set of processes P = {P;(u;) | 1 <i < n}, let

L. u
Aij + 03
= max ———=.
Jj=0 .5

douf <1,

i€l

*
U;

If

then the set of processes P is schedulable with respect to the response-time bounds

bi"s and bé*j, in the presence of worst-case scheduler overhead.
, :

Proof. This schedulability result is derived by combining Proposition 2 and
Proposition 3 in the response accounting and utilization accounting case, re-
spectively. |

Figure 5 shows the effect of the scheduler overhead distribution on the re-
sponse time and utilization for an example action. We consider the action «
with limit A = 400us, period m = 1000us, and load [ = 7300us. The total
scheduler overhead of 6 = 100us corresponds to 100 scheduler invocations, each
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Fig. 5. Response time and utilization with 6° varying in [Ous,100us] for o =
(7300us, (400us, 1000us)) using the late strategy

with overhead ¢ = 1us. If 6 = 0 (utilization accounting), the lower and up-
per response-time bounds b* and b"* remain the same as the respective bounds
b' and b* without scheduler overhead accounting but the utilization u* is 10%
higher than the utilization u without scheduler overhead accounting. If 6° = §
(response accounting), we have that u* = u but b'* and b"* are several periods
larger than b* and b*, respectively, also resulting in a larger bound b** — b' on
the response-time jitter. As §° increases, u* decreases while b** increases along
with b"* and the jitter bound. Note that, depending on the involved parameters,
we can change the overhead distribution within some intervals such that the uti-
lization decreases but the response-time bounds remain the same, for example,
when 6% varies between Ous and 16s.

6 Optimization

There is a natural division of the VBS scheduler overhead into overhead due to
release 6;%; and overhead due to limit/completion §};. In Section 4 we bounded
the overhead due to release for each period of an action as 55} = Nf“j <& In
this estimate, each action accounts for the release of each of the other actions
in the system, or in other words, when an action is activated all other processes
account for the overhead, although at most one process is truly preempted.
This is clearly an over-approximation. As already discussed, all preemptions due
to release occur at time instants given by the set {k - ged({m;; | i € I,j >
0}) | ¥ € N}. Hence, instead of letting other processes account for the release
overhead, the overhead can be modeled as a separate, virtual VBS process with



Case| Overhead distribution Load
RA |60, = 6%, + oF 5;fj:oz;j:zi,j+[ i _ ]ai,j

1,79
b u L R * IR
UA 57L,j = O, 5L’J — 5L’J + (SL’J li,j - lzj + N
b L U R * li,
RUA| &%, = ok, 6%, = oF, | 15, =li, + [A _J ¢

Case|Utilization Schedulability test

A % 2ier Max;j>o i:j <1

UA Az;ﬁ]—f D ier Max;>o A’#—:E <1—ug
oA % 2ier Max;>o :\rzj <1-us

Table 2. Cases with optimization

the same action repeated infinitely many times. We call this process the scheduler
process. Introducing a virtual process allows accounting for the overhead due
to release only once, and not (as before) in every process. As a result, some
of the presented scheduling results optimize, by weakening the utilization-based
schedulability test. Note that the scheduler process provides an optimization only
if the scheduler invocations due to release are accounted for in the utilization of
the processes, i.e., that ;'; > 65}.

R L R,L R L R R L L
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Fig. 6. Example of scheduler overhead as a separate, virtual VBS process Ps for the
combined accounting case
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In addition to a set of VBS processes (as before) there is the scheduler process
Pg with all actions equal ag; = (§, Rg) where Rg = (Ag,7s) = (&, ged({m;; |



i € I,j > 0}). Thus, the utilization of the scheduler process is

_ §
- ged({mij i€, j>0})

Note that the scheduler process accounts only for the preemptions due to the
release of an action but not for the actions using all their limit or completing
their load.

us

Ezample 3. Consider the same processes as in Example 1. The schedule in Fig-
ure 6 shows how the scheduler overhead resulting from releases is integrated into
the scheduler process. In cases where preemption can occur due to multiple rea-
sons, such as at time 20, we prioritize the release and let the scheduler process
run. As can be seen in Figure 6 and Figure 4, the scheduler process may not
optimize the actual schedule, but it does optimize the schedulability test.

Table 2 summarizes the effect of the optimization to all cases. Note that the
response accounting case cannot be optimized, since (5% = 0 in this case.

6.1 Combined accounting

In the combined accounting case an optimization is possible only in the case
ot = 62% and §§’,j = 6iL7j = £. The overhead due to limit/completion continues
to add to the response time of each process and thus the new load for action o ;
is

=1+ [li’j lf
w Aij—¢&

and the utilization remains 2. The bounds bj"; and bﬁyj are given by (6), (7) and

(8), as before. The next result presents an optimization to Proposition 4.
Proposition 5. Given a set of processes P = {P;(u;) | 1 <i <n}. If

Zui <1-ug,

iel
then the set of processes P is schedulable with respect to the response-time bounds

by and bé*j, in the presence of worst-case scheduler overhead.
; ,

Proof. Let P = {P;(u;) | 1 < i < n} be a set of VBS processes each with
bandwidth cap u;. Let Ps be the scheduler process as defined above. It is im-
portant to note that the scheduler process generates tasks that always have the
highest priority when released. This is because the action ag j has the period
ms =ged({m ;| i€ l,j>0})) <m;,Viel,Vj>0.Hence, at every invocation
time of the action its deadline is earlier or at the same time as any other deadline
in the system and thus we can be sure it is never preempted by any other task
using EDF. By Proposition 4 we get that the extended set of processes (together
with the scheduler process) is schedulable with respect to the new bounds if

N
us + max —L < 1.

ier 720 Tiig



6.2 Utilization accounting

In the case when the entire overhead increases the utilization of an action, op-
timization is possible. For the preemptions due to limit or completion, the limit
of the action «; ; becomes A7 ; = A; ; + & and therefore the utilization is

« _ Aijt+é
Wig = —
i, j
Note that it is not possible to account for such preemptions in the scheduler pro-
cess as that would mean that the scheduler process could execute at every time
instant of the “fine-grained timeline”. The next result presents the optimized
version of Proposition 3.

Proposition 6. Given a set of processes P = {P;(u;) | 1 <i < n}, let

Aij+§

j20

If
Z u;k S 1-— us,
iel
then the set of processes P is schedulable with respect to the response-time bounds

bi'; and béyj defined in Section 3.2, in the presence of worst-case scheduler over-
head.

Proof. The proof is similar to Proposition 3 and Proposition 5 with the differ-
ence that at any time the system consists of tasks with the type (X\;; + &, m; ;)
generated by the processes in P* and the tasks generated by the scheduler pro-
cess. The response-time bounds are proven to remain unchanged by substituting
d;,; with € in Proposition 3. |

Clearly, the set of processes is not schedulable if £ > ged({m; ; | i € I,j > 0}).
The utilization that can be used by processes drops to 0 if £ = c¢. The system is
thus better suited for values of ¢ that respect the condition { < ¢ < ged({m; ; |
icl,j>0}).

7 Scheduler overhead as a function

A bare-metal implementation of a VBS-based scheduling algorithm, with three
different plugins that allow trading-off time and space complexity, exists and
has been presented in [10,12]. Table 3 shows the time and space complexities
of the scheduler invocations distinguished by plugin in terms of the number of
processes in the system (n), and in the period resolution, that is, the number of
time instants the system can distinguish (¢).

So far we have assumed that the duration of a scheduler invocation is constant
or bounded by a constant. However, motivated by our VBS implementation, the
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Table 3. Time and space complexity per plugin [10, 12]

execution time of the scheduler can vary depending on the number of processes
in the system and/or the number of different time instants we can distinguish.
This is because the scheduler execution time is composed of the time it takes to
manage process queues, which depends on the specific implementation, and the
time spent on context switches and other operations that are independent of the
implementation. We can thus write that £ = §;, + &, where {, : Nx N — Nis a
function representing the overhead of managing the queues and &, is a constant
overhead induced by the scheduling algorithm.

8 Conclusions

We have introduced response and utilization accounting of scheduler overhead
in the schedulability analysis of VBS. Response accounting maintains CPU uti-
lization at the expense of increased response-time bounds whereas utilization
accounting maintains the bounds at the expense of increased utilization. Our
analysis improves when accounting for scheduler overhead due to releasing pro-
cesses in a separate, virtual VBS process. We have also shown that our method
can readily be generalized to account for non-constant scheduler overhead. Com-
bined response and utilization accounting is possible and may be used in future
work to trade-off response time and utilization in solutions to finding appro-
priate server configurations that also consider scheduler overhead (server design
problem).
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