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Abstract 
 

Mixed Criticality scheduling of tasks in Real Time systems stands out as a continuing problem 
both in complexity and importance both to industry and academia. This will deign to demonstrate some of 
that importance, introduce an important actor in the field, and recount a slice of some of the research that 
this actor, Sanjoy Baruah, has been a part of related to mixed criticality scheduling in the early part of this 
past decade. 
 
Introduction - Mixed Criticality Scheduling of Real Time Systems 
 

In the realm of real-time scheduling models of task sets and jobs are used to measure 
schedulability in real world situations and under varying conditions. In order make guarantees about the 
performance of an algorithm or embedded system performing a set of tasks these models are as close to 
the real world application as can be made. However, sometimes these models are not completely 
accurate and can result in a deadline miss. As Steve Vestal stated in the introduction of “Preemptive 
Scheduling of Multi-Criticality Systems with Varying Degrees of Execution Time Assurance” in 2007 [5] “In 
many applications, the consequences of missing a deadline vary in severity from task to task.”  

 
This is possibly most apparent in industries such as avionics and automotives. In these industries 

in particular there is an “increasing trend in embedded systems towards integrating multiple functionalities 
on a common platform” according to Sanjoy Baruah, et al. [1]. In these systems a system must be 
responsible for not only the safety critical tasks but also ancillary functions that may require temporal 
correctness. Due, in no small part, to unforeseen complexities or variance between the models and in 
world implementations of these systems, normal scheduling analysis without a notion of task criticality has 
to be quite exaggerated from normal real world cases to prove temporal correctness. This area of study is 
devoted to scheduling systems that more accurately represent real world situations while still maintaining 
a sense of criticality for safety and security sensitive jobs. 

 
Often the systems that schedule these safety or security critical jobs need to be certified for 

correctness [1, 2, 3, and 4]. The primary motivator of related research in this field is to reduce both 
development cost and simplification of this certification [1]. 

 
WCET a common theme. 
 



A common theme of real-time system analysis revolves around “Worst Case Execution Time.” It 
is present in every piece referenced here for its relevance in both analysis and importance to Certification 
Authorities that require the systems’ correctness. [1, 2, 3, 4, and 5] It is often modelled because it 
represents the bounds of the time constraints on said systems. WCET thus represents the edge cases 
the system must pass for certification as a result.  
 
Author in Focus 

 
The primary author and co-author of this review will center around works authored or co-authored 

by Sanjoy Baruah. Sanjoy Baruah received his PhD form the university of Texas at Austin in 1993. [6] 
Since then he has been a professor in 3 institutions, currently at the Washington University in St. Louis in 
the McKelvey School of Engineering. 
 

Baruah is a prolific author working in the field of real time scheduling. According to his personal 
research publication page hosted by the Washington University in St. Louis page lists him as author or 
co-author of 278 published works including a book. [6] It also includes 8 pieces in pre-publication, half of 
which are specifically in the area of mixed-criticality scheduling. His citation is confirmed as either author 
or co-author in hundreds of published works, many of which are in the realm of real-time scheduling and 
in particular mixed criticality scheduling, according to a Google Scholar. [7]  
 

When looking to at a particular author in the field of mixed criticality scheduling in real time 
systems, he seems an obvious choice. Currently he is still involved in the community, actively researching 
in the field. Per his biography in on the Washington University site, “ His research interests and activities 
are in real-time and safety-critical system design, scheduling theory, resource allocation and sharing in 
distributed computing environments, and algorithm design and analysis.” For these reasons his work and 
research he has contributed to is prime to review the current and past trends related to mixed criticality 
scheduling in the arena of real time systems. 
 

Three of his works from the past decade will be looked at in this dive into the world of mixed 
criticality scheduling. This sample of published works illustrates both Baruah involvement and expertise 
and provides an insight into the field of mixed criticality scheduling but also shows the sorts of progress a 
member of the real time systems community directly refining analysis over time. Specifically this research 
culminates into the value of EDF-VD as a scheduling algorithm in mixed-criticality systems. 
 
An algorithm for scheduling certifiable mixed-criticality sporadic task systems (2010) [3] 
 

Adding into the complexity of the kinds of tasks performed by embedded systems security or 
safety critical certification of a particular technology or algorithm implemented in newer technologies. 
Because increasingly these systems are on a "trend towards integrating multiple functionalities on a 
common platform."[3] This is how Haohan Li and Sanjoy Baruah framed their work in the 2010 paper 
entitled "An algorithm for scheduling certifiable mixed-criticality sporadic task systems." The premise is 
that for various reasons an embedded system is often responsible for not only essential tasks that may be 
safety or security critical but also other tasks of substantially less criticality. Often these systems are 
subject to have "their safety-critical functionalities" [3] certified for correctness. Where, alternatively the 
remainder of the functions may not necessarily need be certified but also may not affect the correctness 
of the critical processes. Using an example of an otherwise optimal algorithm example, they show how 
prioritizing critical systems can result in deadline misses of the not prioritized tasks. They also illustrate 
that correctness could not necessarily be guaranteed for the critical systems without this prioritization. 



 
In order to simplify the task of certification of these safety critical systems, an algorithm coined 

“OCBP” or “Own Criticality-Based Priorities” was developed for scheduling mixed criticality independent 
jobs. The piece reviews the overall idea behind the algorithm before getting into the specifics, “Given such 
an instance I, we determine off-line (i.e., prior to run-time) a total priority ordering of the jobs of I such that 
scheduling the jobs according to this priority ordering guarantees a correct schedule, where scheduling 
according to a priority ordering means that at each moment in time the highest-priority available job is 
executed.” [3] Through this methodology they provide a solution which allows testing schedulability by 
providing a less pessimistic system that can check the real time correctness preferring the critical tasks. 
During runtime the order of the tasks is determined by ordering the jobs in reverse by lowest priority 
where the jobs’ deadlines can be met. To prevent delay that might come from a functionally unending 
amount of sporadic jobs, they propose their method should be limited to a specific window for the priority 
computation. Since it is assumed that in an actual system that uses sporadic tasks might not be aware of 
every detail until release time, the proposed solution may require periodic recalculation of priorities 
assigned to jobs. 

 
The algorithms runs jobs according to priority assigned until either enters what the authors called 

“HI-criticality mode” where all non-critical tasks are tossed, the processor reaches an idle state where new 
tasks need to be released, or a lessor priority job is preempted. [3] In both of the last cases priorities will 
of existing tasks will need to be recomputed to ensure the correct criticality is ensured. The priority system 
and how the tasks are dispatched the algorithm ensures that during the given current task assigned to run 
next can neither be a lower priority than a task that is waiting nor can it be preempting a higher priority 
task. This allows the algorithm to limit the number of task for which priority needs to be recalculated. From 
here they are able to bound the time of the busy period. 

 
The limiting of the recalculation is used to illustrate that in many cases of sporadic task systems 

the worst case is not the common case pseudo-polynomial time. Although preempted is of very low 
priority then this could still be pseudo-polynomial time in the worst case. [3]  
 

The result of the research related to the OCBP scheduling found in this research they “derived an 
algorithm, called OCBP, for scheduling such mixed-criticality workloads.” [3] This algorithm allows for the 
community to treat tasks released independently in mixed criticality system as more general case a 
sporadic task system with mixed criticality. This can be used to test schedulability of a system given 
sporadic jobs under a less pessimistic outlook than before. This provides a way to certify a system with a 
more accurate view than before, potentially reducing cost and simplifying the certification of a critical 
system. Although later research indicated that this could not be used in practical scenarios [2] it does 
provide a baseline from which to compare. 
 
Mixed-Criticality Scheduling of Sporadic Task Systems (2011) [2] 
 

Much like the previously cited paper Baruah, et al. frame this paper in a similar manner 
emphasizing the trend to centralize embedded systems controlling tasks with multiple levels of criticality. 
This time specific automotive and aerospace systems from industry are cited which fall under the 
described categories of mixed criticality systems which would benefit from advances in these fields. [2] 
Specifically these systems were AUTOSAR and IMA respectively. Further they go to define two specific 
levels of criticality which are important to the certifiers in the field of aerospace, “mission-critical” and 
“flight-critical.” This establishes a clear scenario when a single system working with specifically two levels 
of criticality and its certification is important. This is essential because the research is directly applicable 



to an industry in a specific instance that could benefit. This is rather than the previous paper cited which 
was a theoretical application to relevant industry. 
 

For this publication, there was more of a focus on speed. They worked to prove both 
schedulability and speedup bounds of Mixed-Criticality scheduling systems. Initially the research focuses 
on a single machine but later in more general cases the principles are applied to establish a multi system 
speedup bounds. 
  
The first goal piece of this contribution was work with a single machine. In this case the EDF-VD was 
used. As was later described by Di Liu, et al.  "EDF-VD is designed for the classical MC system model, in 
which EDF is enhanced by deadline adjustment mechanisms to compromise the resource requirement on 
different criticality levels." [9] Initially this was used to build a model of a system and prove a speed 
bounds. Specifically they proved that if a given two priority system is schedulable by any system it is 
schedulable by EDF-VD on a processor no faster than 1.619 times faster. [2] 
 

From here the more general case is made, that EDF-VD is sufficient to schedule K levels of 
priorities. [2] This was accomplished by outlining the problem conditions of sufficient schedulability. From 
there it was assumed that EDF-VD could not schedule the system. Finally they show that under both 
cases for 1 to K-1 levels the schedulability condition does in fact hold. This proves EDFS-VD is sufficient 
to schedule K levels of priorities. Although for this more general case, the speed up bounds are not 
necessarily found for this case. Instead this was a proof of schedulability. 
 

Baruah, et al analyzed further their OCBP on multiple identical systems. The result of this work 
was determining a speedup bounds of the OCBP schedulable systems on multiple machines. This was 
derived from a slightly less general proof of the speed up bounds of this algorithm on two machines. In 
the more general case where s is the speedup bound they were able to prove that s < 1 + Φ - 1/m. Finally 
combining the results of the previous theorems to derive the following theorem , For any ε > 0 there is a 
polynomial-time partitioning algorithm P such that any task system that is MC-schedulable by some 
partitioned algorithm on m unit-speed processors can be scheduled by the combination of P and EDFVD 
on m speed Φ + ε processors.” [2] 
 

In this research Baruah et al. utilized research surrounding the previous algorithm proposed, 
despite its missing industry practicality to establish speedup bounds of another algorithm used, the virtual 
deadline variant of EDF. 
 
The preemptive uniprocessor scheduling of mixed-criticality implicit-deadline sporadic task 
systems [1] 
 

In the abstract of Baruah, et al. of “The preemptive uniprocessor scheduling of mixed-criticality 
implicit-deadline sporadic task systems” make a strong claim related to previously studied variant 
EDF-VD. The claim is that assuming it is on a processor within the speedup bounds defined it is also 
“optimal with respect to this metric” [1]. Again like previous papers the introduction establishes and 
industry need for embedded systems to schedule both safety critical and less critical functions together on 
the same system. It also establishes the need to certify essential tasks despite this fact and describes the 
concept of WCET for the purposes of this certification as well as dual criticality work. 

 
According to the authors, this paper comes with proof of a substantial claim improving on 

previous research related to EDF-VD, “any task system that can be scheduled by an optimal clairvoyant 



algorithm on a given processor can be scheduled by EDFVD on a processor that is 4/3 times as fast.” 
This is substantial as it allows for variation in systems not provided by a scheduling algorithm that is 
clairevoyant of all of its tasks will still proving correctness under specific conditions. The paper further 
continues to further analyze the EDF-VD. 
 

The second section of the paper goes on to describe the parameters for which they are defining 
their system and its correctness, which are not unlike the previous papers which were reviewed [2, 3]. 
Specifically they define “MC jobs” and  “MC implicit-deadline sporadic tasks” used to build the models for 
research that led up to this point. For correctness, Baruah et al. require when HI-criticality functions are 
being performed all HI-criticality jobs meet their deadlines and when only LO-criticality functions are found 
these also meet their deadlines. [1] 
 

This section goes on to continue to give an overview of the EDF-VD algorithm. Before a task is 
run EDF-VD determines if a task is schedulable another virtual deadline is assigned to it if it is of 
HI-criticality. When the EDF scheduler computes priority, it uses this new virtual deadline rather than the 
actual deadline in order to allow critical tasks to preempt non-critical ones. This happens while also mostly 
respecting the deadline based priority system for purposes of priority.  
 

There are numerous theorem presented by the authors that lead to the strong claims presented. 
First the EDF-VD “EDF-VD successfully schedules all LO-criticality Behaviors” This is accomplished by 
manipulating the model used to define Utilization of HI and Lo tasks and establishing a relative value 
which x, the scaling factor for Lo utilization must be greater than or equal to a ratio of the high utilization 
divided by the remainder of 1 less the Lo utilization. This implies that the sum of the has a utilization less 
than 1 and is therefor schedulable. “This factor x is tested during EDF-VD and ensure sufficient 
schedulability for LO-criticality behavior.” [1] Theorem 1 leads to the result which ultimately leads to tighter 
bounds on the speedup factor. 

 
The second theorem is important and also relies on this value of x, as it is a sufficient condition of 

schedulability of Hi criticality functions. It is proven through contradiction postulating that if a deadline was 
missed but the other prerequisite conditions a HI criticality task that also missed its deadline could not 
exist. With this they have Braruh et all have established the correctness of EDF-VD. [1] The authors also 
indicate these conditions also imply that x at this point has an upper and lower bound but are not equal. 
They advise to select a value such as the midpoint rather than at the edges of the range. [1] 

 
The third theorem indicates that worst-case reservation schedulability also indicates EDF-VD 

schedulbility. [1] This is proven directly by the established sufficient condition of EDF-VD schedulability 
with dual criticality defined above. After this theorem some of the bolder claims of the preface start to 
come to light. 
 

The fourth theorem is where the speedup factor of EDF-VD is defined as less than or equal to 
4/3. In order to prove the speed up bounds Baruah et al. proved that a given a task set that is schedulable 
by a EDF-VD using Theorems 1 and 2. [1] Since there would be no deadline missed a sufficient condition 
for EDF-VD could be established. Using the previous equations established the factor b was maximized 
and shown to be shown that Lo utilization any task system with clairvoyant schedulable on a speed ¾x 
processor is schedulable on a processor 1x processor in EDF-VD. [1] this means that the bounds can be 
tightened to needing at most a processor of 4/3 speed to schedule EDF-VD if it is schedulable on a task 
clairvoyant solution. [1] 

 



The fifth theorem follows up on the ¾ bounds using the previous definitions to prove that in all 
cases the utilization will always at least slightly exceed the ¾ speed bound with a non clairvoyant 
algorithm. [1] This lends to if EDF-VD can meet this speed bound and no non clairvoyant algorithm can 
surpass it, then it must be optimal. 
 

After concluding the proofs, that correspond with the bounds established at the beginning of the 
paper, the results were further enhanced by simulations run comparing the ability of regular EDF to 
EDF-VD in their ability to schedule mixed criticality tasks sets generated randomly. “It is evident from the 
graphs that EDF-VD consistently exhibits noticeable improvement over a simple EDF scheduler.” [1] 
Graphs were included with quantitative meta data about each simulation, however the authors did not 
derive a quantitative correlation in the comparison. 
 

This publication represents further refinement and analysis possible in the cost effective 
certification of schedulability of mixed-criticality systems within a speed bound. It also emphasizes 
EDF-VD’s superiority in scheduling mixed criticality tasks over systems considered optimal when not 
dealing with criticality. This is only further confirmation of the complexity added by considering criticality in 
necessarily certified tasks.  
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