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Abstract

Scheduling isolation in mixed-criticality systems is challenging without sacrificing performancetelsponse, we
propose a scheduling approach that combines server-based semi-partitioning and deadline scaliBgmi-
partitioning (whereby only some tasks migrate, in a carefully managed manner), hitherto used in sicgkicality
systems, offers good performance with low overheads. Deadline-scaling selectivelypriosttzigh-criticality tasks
in parts of the schedule to ensure theirdeadlines are met even in rares case of execution time over@arnew
algorithm NPS-F-MC brings semi-partitioning to mixed-criticalityscheduling and uses Ekbed Yi 19s stateef-
the-art deadline scaling approach. It ensures scheduling isolation among different-criticality tasksand adilyws
low-criticality task migration. We also explore variantsthat disallow migration entirely or rela isolation between
differentcriticalities (SP-EKB) in order to evaluate the performance tradeoffs associated with moreilflexor rigid
safety and isolation requirements.
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Abstract.  Scheduling isolation in mixed-criticality systems is chall eng-
ing without sacri cing performance. In response, we propose a schedul-
ing approach that combines server-based semi-partitioning and deadline-
scaling. Semi-partitioning (whereby only some tasks migrate, in a care-
fully managed manner), hitherto used in single criticality syst ems, of-
fers good performance with low overheads. Deadline-scaling selegvely
prioritise high-criticality tasks in parts of the schedule to en sure their
deadlines are met even in rares case of execution time overrun. Our
new algorithm NPS-F-MC brings semi-partitioning to mixed-crit icality
scheduling and uses Ekberg and Yi's state-of-the-art deadline scaling ap-
proach. It ensures scheduling isolation among di erent-critic ality tasks
and only allows low-criticality task migration. We also explo re variants
that disallow migration entirely or relax the isolation betwee n di erent
criticalities (SP-EKB) in order to evaluate the performance trade os as-
sociated with more exible or rigid safety and isolation requirem ents.

1 Introduction

Many real-time embedded systems (automotive, avionics, aerospace)ht func-
tions of di erent criticalities . A deadline miss by a high-criticality function can
be disastrous, but losing a low-criticality function only moderately a ects the
quality of service. Scalability and cost concerns favomixed-criticality (MC) sys-
tems, whereby tasks of di erent criticalities are scheduled on tke same processors
but this brings challenges: Lower-criticality tasks interfering unpredictably with
higher-criticality tasks can be catastrophic. Conversely, rigidly prioritisation by
criticality leads to ine cient processor usage. Therefore, we sek (i) e cient use
of processing capacity and (ii) schedulability guarantees for all taskainder typ-
ical conditions subject to (iii) ensured schedulability of high-aiticality tasks in
all cases. Most related works [1] use Vestal's model [2], which viewse system
operation as di erent modes (low- and high-criticality) and associates di erent
worst-case task execution times (WCETS) in each mode with a corregpgnding
degree of con dence. This is because the cost of provably safe WCET éstation
(and the associated pessimism) is justi ed only for high-criticality tasks. Other
tasks have less rigorous WCET estimates, whictmight be exceeded, very rarely.
We also adopt Vestal's model, with two criticality levels. Our main contribu-
tion is NPS-F-MC , an extension of the semi-partitioned scheduling algorithm



NPS-F [3] to mixed criticalities. NPS-F is server-basedwhich helps provide both

fairness to low-criticality tasks and strict temporal isolation between high- and
low-criticality tasks. The new algorithm employs the per-task deadline scaling
scheduling technique by Ekberg and Yi [4], an extension of EDF-VD [5]NPS-F-

MC allows migration among processors only for servers for low-criticaty tasks,

with less severe safety considerations. However, given the consative stance of
certi cation authorities [6] towards task migrations, we formulate as another con-

tribution a fully partitioned variant (NPS-F-IMA) and explore the per formance
gap from disallowing migrations entirely. As third contribution we explore the

performance penalty from the strict temporal isolation by NPS-F-MC by formu-

lating new partitioned (P-EKB) and semi-partitioned (SP-EKB) ext ensions of
the (uniprocessor) algorithm of Ekberg and Yi, and comparing with those.

2 Overview

Task model [2] The system can be in either low- or high-criticality mode
(L-mode or H-mode). A task is of either low or high criticality (L-task or H-
task). Each H-task has two di erent WCET estimates: the one for the L-mode
of operation (L-WCET), is deemedsafe but lacks proof, whereas the one for the
H-mode (H-WCET) is provably safe but usually much greater. Each L-task orly
has an L-WCET. The default system mode is L, but if any task exceeds its L-
WCET, the system immediately switches into H-mode: all L-tasks areabandoned
and only H-tasks remain. In H-mode, all H-tasks (incl. instances presenat the
time of the mode switch) are pessimistically assumed to executef up to their
H-WCET. Even so, it must be provable that no H-task deadlines can be mised.

MC scheduling with scaled deadlines Deadline-scaling for mixed-criticality
systems originates with EDF-VD (\Earliest Deadline First - with Virt ual Dead-
lines") [5]. EDF-VD uses standard EDF scheduling rules but, instead of report-
ing the real deadlines to the EDF scheduler for scheduling dedisns, it reports
shorter deadlines (if needed) for H-tasks during L-mode operation. Tts helps
with the schedulability of H-tasks in the case of a switch to H-mode, ecause it
prioritises H-tasks more than conventional EDF would, over parts of the ghed-
ule. This allows them to be su ciently \ahead of schedule" and catch up with
their true deadlines if any task overruns its L-WCET. While in H-mo de, the true
H-task deadlines are used for scheduling and L-tasks are dropped. EDF-Vpro-
portionately shortens the H-task deadlines according to a single commoncale
factor and its schedulability test considers the task utilisations in both modes.
Ekberg and Yi [4] improved upon EDF-VD by enabling and calculating dis-
tinct scale factors for di erent H-tasks and using a more precisedemand bound
function (dbf) based schedulability test [7]. This improves performance.The
calculation of the scale factors is an iterative task-by-task process. ¢t details,
see [4][8]. Recently, Masrur et al. [9] proposed using just two scaladtors, to
balance scheduling performance and computational complexity. A highescale
factor is used for tasks with an H-WCET/L-WCET ratio above some threshold.



Meanwhile, Easwaran developed a test [10] that dominates [4]. In this workve
innovatively combine the deadline-scaling technique by Ekbergand Yi [4] with
the existing NPS-F semi-partitioned scheduling algorithm.

Semi-partitioning and NPS-F Under semi-partitioned scheduling, most tasks
are partitioned; the rest may migrate, in a carefully managed manner. Ths al-
lows for e ciently utilising a multicore, without many preempti ons, migrations
and overheads, under strong schedulability guarantees. Semi-pattbned mixed-
criticality scheduling was rst proposed in [11]. Here, we conclude hat work and
adapt the NPS-F algorithm [3] (originally, for single-criticality system s).

Classic NPS-F assigns tasks via bin-packing, not directly to processs but to
periodic xed-budget servers using EDF as their internal schedling policy. The
servers are mapped to the available processors in a form of cyclic exdive with
a periodicity of S { the \timeslot length". Each server is either implemented
as either one periodic \reserve" ( xed-length contiguous time window) on one
processor or as multiple periodic reserves on di erent processsrA given server's
tasks can only execute within its reserves, which in turn are excisively used by
those tasks. A server (its reserves) is appropriately sized, to esure that its tasks
meet all their deadlines at run-time. Additionally, the reserves ofa server mapped
to multiple processors must never overlap in time.

3 System model

We assume a set oh sporadic tasks def ¢ 1; 2;°7; n0. Each task ; has a
minimum inter-arrival time T;, a relative deadlineD; T;, a criticality level ; 2

fL; H g (low or high, respectively) and two WCET estimates, C- and C! , one for

each mode. The subsets of L-tasks and H-tasks in are (L) def 1 i2 ji2lg

and (H)%"f,2 j2Hg Itis assumed that8 ; 2 (H), ct ¢ and

82 (L), CM" =0.Tasksin (H) are not allowed to migrate among processors.
L H

The utilisation of ; is U- & i—' and UH & % respectively in each mode. The

ut.

def P
UL:e i2 I

system utilisation in each mode isU" def 2 (H) Uft and

set I of m” servers, indexed®; to B o, with m” not a priori de ned.

During task assignment, the processing capacity of each server is @igalent
to that of a physical processor. The set of tasks assigned to serv@ is denoted
as (B). Each server is only assigned tasks of the same criticality as each other
A server that contains only H-tasks is termed a H-server. Similarly, anL-server
contains only L-tasks. The budget of af is denoted byxpk.



4 Task assignment, scheduling model and timing analysis

Overview NPS-F-MC partitions the set of H-tasks ( (H)) over m‘f‘) non-migrating
H-servers. Each H- -server will be assigned to a di erent correspondp processor,
so it must hold that mH m or the algorithm will declare failure.

The set of L-tasks ( (L)) is partitioned over a separate set of L-servers. The
\leftover" parts of the timeslots, that remain on the m processors, after the
assignment and sizing of the non-migrating H-servers, are reclaimed dm the
processors for the mapping of the L-servers.

During L-mode operation, all tasks are scheduled within the respedte servers
under EDF. But if a task ; overruns its C- (which triggers a mode switch),
then all L-tasks are immediately dropped along with the server arrangemet
altogether, and the system switches to pure partitioned EDF schedling of the
H-tasks. This raises the question of how to specify the server budgs

A naive approach would (i) partition the H-tasks to the H-servers using
a uniprocessor EDF schedulability test that considers the ovel conservative
estimates C", to meet deadlines in H-mode, and (ii) assign budgets to the re-
spective servers so that the H-tasks provably meet their deadlingin L-mode, as
long as they all execute for up to their respectiveC\-. However, this may lead
to missed deadlines during the mode transition.

A conservative approach  would instead consider theCH estimates, when
sizing the H-servers for operation in L-mode. However, this approach deeases
the processing capacity available for L-tasks and is ine cient.

Ideally, one should therefore set the server budgets to the optimalnterme-
diate value that minimises the processing capacity used for H-serve (i.e., max-
imises the capacity available for L-servers) in L-mode without jeopardsing the
schedulability of the H-tasks at any point in time (even when a mode tansition
occurs). As part of this work, we identify how to compute these optmal H-server
budgets, using the analysis of Ekberg and Yi [4].

In summary, a processorP, with an H-server assigned to it is equivalently
modelled as a separate uniprocessor system, whereupon a transforniask sub-
set runs under EDF with deadline scaling. This consists of all H-tasksassigned

to the single H-server®, mapped to P, plus a single \fake" L-task with param-

eters (Crake ; Dtake ; Trake) dff(S X,Q 'S Xﬁ ;' S), where XFe is the budget of

B,. This zero-laxity fake task equivalently represents the periodt unavailability
of the processor, for the tasks of®, to execute on. The budgetxp is then set

to the minimum value for which the transformed MC task subset is scledulable
on a uniprocessor, using the deadline-scaling by Ekberg and Yi.

In detail. The proposed approach (outlined in pseudocode as Algorithm 1), is
divided into three o ine stages, (i) task-to-server assignment, (ii) sizing servers
(\in ating", in NPS-F jargon) and (iii) mapping servers to processors.

The rst stage assigns H-tasks to servers via First-Fit (FF) bin-packing,
subject to an exact uniprocessor EDF schedulability test, from chssic (criticality-



oblivious) EDF theory [7] that uses the respective H-WCETSs as input. The L-
tasks are assigned to a di erent set of servers via First-Fit, usiig the same test,
but using their L-WCETSs as inputs.

) X
The \in ated utilisation” U™ %" ZPe of each server is computed in the

second stage. The sum of in ated utilisations of all servers correspond® the
total processing capacity (informally, the number of processors) rquired for
successfully scheduling the given task set under the proposed amach. Finally,
in the third stage, servers are mapped to physical processors and theperiodic
reserves are arranged to avoid time-overlaps of reserves belonginggame server.

(i) Task-to-server mapping: Initially (Algorithm 1, lines 1-5), the H-tasks
are assigned to servers (as many as needed) using First-Fit, assurgittheir C
WCET estimate and according to an exact uniprocessor (single-critiality) EDF
schedulability test. The mﬁ servers®; to Iﬂmoo thus formed, are all H-servers.

Algorithm 2 presents the First-Fit bin-pacr(ing routine that assigns tasks to
servers. The exact uniprocessor EDF schedulability test emplged therein makes
use of thedemand bound function[7]. It is an abstraction of the computational
requirements of the tasks. The demand of an arbitrary-deadline task; over any
possible time interval of lengtht, denoted by DBF( i;t; ), is a tight (i.e., exact
and least) upper bound on the maximum cumulative execution requirerent of
jobs by ; over a time interval of length t; the additional argument 2 L;H
denotes whether the WCET assumed for those jobs i€ or C' (see Equation 1).
The DBF for a set of tasks and the corresponding schedulability condibn are
given by Equations 2 and 3, respectively.

8t 0 DBF( i;t; )% max o tTiD‘ +1 C 1)
i

DBF( ;t; )= DBF( i;t; ) (2)
2

8t 0, DBF(;t; ) t 3)

The schedulability of a server is tested with the following expession:8t >
0; DBF( (B);t; ) t.If the test succeeds, a provisional assignment is made

Algorithm 1 Semi-partitioned MC algorithm (NPS-F-MC)
Input: 7, P > assuming UF <1 and U7 <1 Output: Schedulability status

1: for (i:=1;i<n;i++)do 14: m" = Index_Of_Highest_Populated_Server()
2: if (k; == H) then > m’ is the total number of servers

3: Assign_To_Server FF (;,H) 15: Uinfl.— g

4: end if Totet "

5. end for 16: for (¢:=1:q <m ;q++) do ~

6: my :=Index_Of_Highest_Populated_Server() 17: U}g'ﬂ := Mixed Criticality Inflate(P;)

> II//[,,”j\ the number of H-servers 18: Urtifl o val(:)xffl + U}qzll

7: if (my > m) then return FAILURE 19: if (Ui m) theri seburn PAILURE
8: end if N “o5 :

9: for (i:=1; i <n;i++) do 20: end if
10: if (k; == L) then 21: end for
L Assign_To_Server_FF (7;,L) 22: Do_Server_To_Processor_Mapping(Inflated Servers)
12 end if 23: return SUCCESS

13: end for




Algorithm 2 Assign_To_Server FF(r;,r;) Algorithm 3 Mixed_Criticality_Inflate(P;)
Input: 7;,x; Output: Assignment status Input: P, Output: Ug;f’

éz if <:1,:T H) then 1: Xin = 0; Xonaz :=8 = ng””;

3: else 2: while (X,00 — Xpuin > 4) do

P 5 X Somint mee

5: end if . - . ,

6: while (tl‘ue) Cl(i 4: Create Ttake = <]fakc = b: Diaye := 8 — X-,
7. if (DBF(r(B,) U{n}.t.k:) <t, Vt >0) - _ Che:=5-X,IL)

8 then 7(P,) :=7(P,) U{r:} 5: 7(P) = 7(Pe) U {Trake}

9: BREAK 6: if (P, == H-server &&

10: else Ekberg_Analysis(7(Py)) == SUCCESS)
11: q=q+1 Xmin + Xmax

12:  end if 7 then X,o. = 7§ :

13: end while . e o

14: return SUCCESS 8 elseif (P == L-server &k

(Vt > 0, DBF((Py),t, L) <))
Xomin + Xmaz

o then X, == 5
10: else i

I Xmm = w
12: EIlg if

13: T(Py) = T(ﬁk) \ {Ttake }

14: end while

15: X};k = Xmaz

16: return U2 .=
By

X

Py
S

permanent. The task-to-server assignment procedurger se always succeeds,
because we are not priori bounded to any particular number of servers; we
can create/populate as many servers as needed (and, at worst, a task will tbe
rst task assigned to a newly populated server). As mentioned, when asigning
H-tasks, we assume = H. To speed up the computation, we use the improved
Quick Processor Demand analysis (QPA) by Zhang and Burns [12].

After all H-tasks are assigned to H-servers, if the number of H—serversnﬁf)
exceeds the number of processorsn), then NPS-F-MC declares failure (see lines
6-8 in Algorithm 1). This re ects the real-world requirement that each H -server
be mapped to only one processor and not allowed to migrate at run-time, beause
those tasks are critical and their scheduling should be as predictablas possible.

Afterwards, the L-tasks are assigned to the L-servers, indexe(ﬁmao+1 and

upwards, by the same bin-packing procedure, but using theirC- WCET es-
timates for the schedulability test guiding the assignments (Algorithm 1, lines
9-13). Once this is donem” servers have been created and populated with tasks:
of these, serverd®; to B o are H-servers and® w, to B o are L-servers.

(ii) Sizing servers: The second step of the o ine phase performs the server

sizing (see Algorithm 1, lines 14-21). The timeslot lengthS (i.e., the period of all

servers) is de ned as S def DTmin = where DTy is the shortest inter-arrival



time or relative deadline of all tasks and is a positive integer (usually =1)*.
Let X, denote the xed time budget of server B. Then, the system utilisation
consumed by the server (i.e., its \in ated utilisation", in NPS-F jar gon) is:

infl  def Xﬂ @)
By S
The value of X, is computed for each server by the function presented in
Algorithm 3. Assume that a contiguous time window X S denotes the time
that server B is active within a given timeslot of length S. The remaining
fraction of the timeslot, consisting of a time window of lengthS X wherein [
is inactive, is modelled as an interfering periodic zero-laxityfake L-task with the
following attributes: take = Hliae = S;Diake = S X;Crae = S X:Li. This
standard task set transformation technique, for analytical conveniencewas rst
used (for single-criticality workloads) for NSP-F server sizing by $uza et al. and
is explained in [13], p. 702. This conceptual fake task along with the real tas
mapped to serverB, i.e., (B) [f raed are tested with the mixed-criticality
schedulability uniprocessor analysis of Ekberg and Yi [4]. This analyis scales
the deadlines of H-tasks (if needed) to make the task set schedulable both H-
and L-mode. If the analysis succeeds, the scaled H-task deadlines aretjput.
Computing X, is an iterative process whose objective is to minimise the

value of X (duration of periodic reserve allocated tof). This minimum value
of X that works corresponds to the optimal value forxpk. To obtain it we
iteratively sample the interval X 2 [0; S] using binary search and applying the
test of Ekberg and Yi at each iteration, until the desired level of predsion.
Note that for each feasible value ofX , Ekberg and Yi's algorithm could output
di erent task deadline scale factors, in the general case.

Similarly, we compute the server budgetX, for each L-serverB. This is
a simpler procedure because L-servers are only active in L-mode. Sthere is
no need to use the mixed-criticality schedulability test of Ekberg an Yi; the
standard (single-criticality) optimal server sizing method for NPS-F is used [13]
instead. Again, the attributes of a fake task are computed in a similar way
ie., fake dZEf hTfake = S;Digke = S X;Cqake =S XL i. The total demand of
an L-server B, along with the fake task s iS given as follows:

DBF( (B)[f fae@itiL)=DBF( (B);t;L)+DBF( fake;tiL).

If 8t> 0; DBF( (B)[f faeq;t;L) t,then this server is schedulable with
a budget of X. As in the case of H-servers discussed previously, Algorithm 3
minimises the value of X. The process of computing8t > 0; DBF( (F) [
f takeQ;t;L) t can be sped up with the QPA algorithm.

If the L-servers are allowed to migrate among di erent processors the the
task set is schedulable if the sum of in ated utilisations of all serves does not
exceedm, the number of processors in the platform.

! Setting S to an integral fraction of DTmin was handy for proving a utilisation bound
for NPS-F in [3], but in fact the DBF-based server-sizing by Sousa et al. [13] allows
for dropping this constraint. In this paper, we just stick to tradit ion.



(iii) Server-to-processor mapping: We employ the so-called \semi-partitioned"
mapping from the original NPS-F. This ensures that at leastm servers never
migrate; in our case, it is the H-servers that do not migrate and there can b at
most m of those. Figure 1 is an example of this mapping arrangement.

time

Fig. 1: Mapping of m’’=4 servers to m=3 processors. Three servers®; to B;)

never migrate and the remaining timeslot portions on each processor areer
used for mapping®,. The timeslot boundaries on di erent processors are shifted
accordingly, such that the reserves of the migrating server never @rlap in time.

NPS-F-MC assigns H-tasks to non-migrating servers.

5 Other derivative approaches

We now formulate other MC scheduling algorithm variants drawing from NPS-
F and the scheduling with deadline-scaling by Ekberg and Yi: NPS-FIMA, a
strictly partitioned variant of NPS-F-MC, and SP-EKB which diers f rom NPS-
F-MC mainly in that tasks of mixed criticalities can be scheduled togeher in
the same server (potentially leading to migration of H-tasks). For comparson,
we also formulate cNPS-F, which foregoes deadline scaling but insteasizes
H-servers only considering the H-WCETSs (i.e., the \conservative appoach" of
Section 4). Finally P-EKB is the partitioned multiprocessor version of Ekberg
and Yi's algorithm. Studying these variants helps understand the peformance
tradeo s of di erent scheduling arrangements and safety requiremets.

IMA-mindful variant (NPS-F-IMA) The Integrated Modular Avionics (IMA)
standard ARINC 653 enforces spatial and temporal partitioning to ensure safty
aspects and enable incremental development and certi cation. Howewe NPS-F-
MC allows L-servers to migrate among di erent processors. For a schading ar-



rangement more inline with IMA standards, we propose a variant (NPS-F-MA)
that disallows the migration of L-servers and sizes their budgets accoidgly.

The pseudocode for NPS-F-IMA is derived by adding a few lines of -
docode to Algorithm 1, as described in Algorithm 3. As we know, each H-serve
is mapped to one processor. The leftover portion of the timeslot on sirca proces-
sor can be turned into an L-server. Assume thatmfj is the number of H-servers.
Then up to m[,f L-servers each share a processor with an H-server. Assume that
H -server B, and L-server B, share a processoPy,. Let qu be the size of pe-

riodic reserve allocated tof®;. Then B should be lled with L-tasks such that
its periodic reserve size never exceeds X, - In order to ensure this require-

ment, we add to B, a fake task fake = HTtake = S; Dfake = qu;cfake = qu;Li,

that corresponds to the workload of B, before adding any real task into it. The
method ensures that, after the task-to-server assignment completg the size of
the periodic reserve for® (which is computed based on the computational re-
quirements of thereal tasks assigned to it), never exceedS qu.

This procedure is repeated for all servers indexeatn[,f +1to2 m(,)_f. The
pseudocode of this additional code that adds fake tasks to L-servers fgesented
in Algorithm 4 (lines 1 to 6). An L-server that does not share the processr with
an H-server is not subject to this and can therefore use the full timslot if needed.
The NPS-F-IMA algorithm declares failure, if the number of L-servers exceeds
the number of processors (see lines 7 to 8 in Algorithm 4). Once, L-segrs are
instantiated, these \placeholder" fake tasks are removed (see line %0 11 in
Algorithm 4). The in ated utilisation of all the servers is then compute d. In the
server-to-processor mapping phase, each H-servi; is mapped to processoiPy
with the same index. An L-server B, whose index lies in the rangem[,f +1to
m” is mapped to processolP, m®-

Non-deadline-scaled cNPS-F To assess the bene ts from deadline-scaling
in semi-partitioned scheduling, we de ne cNPS-F, a variant not usirg deadline-
scaling. It uses the same bin-packing but (i) bases scheduling dis@ons on the real
deadlines also in L-mode and (ii) uses only the H-WCETSs for H-server ging.

P-EKB and SP-EKB Ekberg and Yi's approach, formulated for unipro-
cessors, can be used for multiprocessor scheduling with proses partitioning.



We call this approach P-EKB. Tasks are assigned to them processors via bin-
packing (we assume First-Fit). On each processor, to test the fedsility of each
assignment, the deadline scaling algorithm is used, as a schedulalylitest. Each
time that a new task is assigned, the deadline scale factors of already ageed
tasks are computed anew. This arrangement is migration-free but L-tasks ath
H-tasks are scheduled together on each processor, without strict isolatn.
Similarly, for a semi-partitioned approach that borrows from NPS-F but with-
out the server-level isolation of H-tasks and L-tasks, one could perform tis bin-
packing over m” bins (as many as needed; not necessarily bound tm) and
then create mixed-criticality servers out of those, which are mappd to the m
processors as in NPS-F. We call this arrangement SP-EKB. One thing tmote is
that, for the purpose of sizing servers under SP-EKB, the \fake task"modelling
the periodic unavaibility of the processor to the server has to benodelled as an
H-task { unlike what was the case for MC-NPS-F. The reason for this is that,in
the general case, neighboring servers may have both H-tasks and L-tasksean-
ing that it would not be possible in the H-mode to drop the server arrargement
and collapse to pure partitioning/use of an entire processor's full capaity for a
server's H-tasks. This means that, all other things being equal, a seer would
have greater in ated utilisation under SP-EKB than under MC-NPS-F.
Although SP-EKB dominates P-EKB (if the same task ordering is used for
both algorithms), it allows the migration of high-criticality tasks, whi ch may be
undesirable for in practice. Table 1 summarises the di erent desin aspects.

[ algorithm  [[scheduling class [deadline scaling [server-based [H-task/L-task isol.  [H-task migration |
NPS-F-MC semi-part. YES YES YES NO
NPS-F-IMA part. YES YES YES NO

cNPS-F semi-part. NO YES YES NO
P-EKB part. YES NO NO NO
SP-EKB semi-part. YES NO NO YES

Table 1: Comparison of scheduling approaches

6 Evaluation

Experimental setup To evaluate the theoretical scheduling e ectiveness of
the approaches presented, we apply the respective o ine schedulality tests to
synthetic task sets, whose generation is controlled with the followig parameters:

{ L-mode utilisations ( U" ): Generated using the UUnifast-discard algorithm [14]
for unbiased distribution. C! is derived asU" T;.

{ Task period (T;): Generated with a log-uniform distribution, in the range
of 10ms to 100ms, i.e.;T; = 10* : x 2 [log;010; 10g10100].

{ Task deadline (D;): The scheduling approaches discussed work for con-
strained deadlines D; T;) but this evaluation assumes implicit deadlines O;=T;).

{ Distribution of high and low criticality tasks: The fraction of H-tasks in
the task set is con gurable. (For an integer number of H-tasks, we round up)
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{ H-mode utilisation ( U"): Derived from U\ via a transfer function f (U\; k)
with a parameter k. For small values ofU", f (U-;k) k UL but for greater
values the gain is progressively smaller, so that)-  f(Ut;k) 1, 8 Ut 2
[0; 1]. For details, see the Appendix of our TR [15].C! is computed asT; UM

The resolution is microsecond. Each task set is generated for a given targe
utilisation U = x m : x 2 (0;1], wherem is the number of processors. For
each combination of input parameters explored we generate 1000 task sets.

We compare the scheduling approaches listed in Table 1. To keep the mber
of plots in check, in each experiment we vary one parameter with the othrs
xed. We also plot a \validity test” (VT), namely: ( U~  m)~ (UM m). This
test (a necessary but not su cient condition for schedulability) r ejects trivially
infeasible tasks sets. Its curve over-approximates the feasibliask sets.

Due to lack of space instead of providing plots comparing the algorithmsn
terms of scheduling success ratio ( i.e., the fraction of task setse#med schedu-
lable under the respective schedulability test), we condensehis information by
providing plots of weighted schedulability This performance metric is adopted

2 The plots of (non-weighted) schedulability can still be foun d in the Appendix of our
TR [15].



from [16] and allows condensing what would have been three-dimensionplots
into two dimensions. It is a weighted average, in which more weights given
to task-sets with higher utilisation, i.e., task-sets that are supposedly harder to
schedule. Speci cally, using the notation from [17]:

Let Sy(;p) represent the binary result (O or 1) of the schedulability testy
for a given task-set with an input parameter p. Then Wy (p), the weighted
schedulability for some schedulability testy as a function of parameterp, is:

ut() s,(:p)

Wy(p) = S—X 0O (5)

8

In the above equation (adapted from [17]),Ut( ) %' % is the system

utilisation in L-mode, normalised by the number of processoram.

Results For P-EKB and SP-EKB, we used two di erent con gurations: \- U "
means that tasks are indexed with H-tasks preceding L-tasks and in ordeof
non-increasingUt, for same-criticality tasks. \- U" means that tasks are simply
indexed by non-increasingU\ . The corresponding variants with ordering by D,
instead of U", almost always performed worse, so we don't include them.

For all four parameters varied (transfer function gain k, number of proces-
sors m, fraction of H-tasks, number of tasksn), most of the time® SP-EKB
outperforms P-EKB. In turn, P-EKB usually outperforms NPS-F-MC and , by a
larger margin, cNPS-F. Figure 3 is an exception, with P-EKB dropping in per-
formance, asm rises, contrary to the other algorithms, and being overtaken by
NPS-F-MC and NPS-F-IMA. This is because, when both the system utilsation
(normalised by m) and the number of processors are kept the same during task
generation but m increases, the averag®) also increases. This implies increased
bin-packing fragmentation for non-server-based partitioned approaches

Some conclusions drawn from these experiments:

{Semi-partitioning helps moderately but noticeably with performan ce. (Com-
pare NPS-F-MC to NPS-F-IMA and SP-EKB to P-EKB).

{For SP-EKB and P-EKB, the choice of task ordering for the bin-packing
matters a lot.

{ The isolation of H-tasks from L-tasks, through separate servers for the two
task categories, sharply penalises performance. (Compare NPS-F-MC t&P-
EKB.) By comparison, the performance hit from disallowing L-server migration
is smaller. (Compare NPS-F-MC with NPS-F-IMA.)

3 Recall that, for the same con guration, SP-EKB strictly domina tes P-EKB. How-
ever, some task sets schedulable by SP-EKB-U are unschedulable by P-EKB-U
(and vice versa) and some tasks schedulable by SP-EKB-U are unshedulable by
P-EKB- U (and vice versa).



Ultimately, the choice of scheme will depend on the kind of schedutig guar-
antees and isolation the particular application scenario requires, butur exper-
iments explore the performance ceilings associated with each arrangemt.

7 Conclusions and future work

This work brought together server-based semi-partitioning and deadle-scaling
techniques for mixed-criticality scheduling. Our main contribution, the schedul-
ing algorithm NPS-F-MC, o ers isolation between tasks of di erent crit icalities
but allows low-criticality tasks to migration, for better system ut ilisation. Our
experiments show that deadline scaling also works well in a semigptitioned
context. However, enforcing complete scheduling isolation, can bexpensive. In
practice, di erent application requirements might mean that any task migration
is to be avoided or, conversely, that complete scheduling isolation étween task
of di erent criticalities is not a requirement, as long as schedulallity is ensured
even in the case of mode change. For these cases, we therefore formuldte re-
lated scheduling algorithms NPS-F-IMA and SP-EKB, respectively. Our experi-
mental results of theoretical schedulability o er some preliminary exploration of
the performance tradeo s when considering di erent scheduling arangements:
partitioning vs semi-partitioning, scheduling isolation for tasks of di erent criti-
calities by use of separate servers vs mixed-criticality scheding within the same
server, use of deadline scaling in the context of a semi-partitionedpproach.

As future work, we intend to also incorporate the e ects of task contenion
over cache and memory into the schedulability tests.
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