On Recent Advances in Time/Utility Function Real-Time Scheduling and
Resource Management

Binoy Ravindran
ECE Dept., Virginia Tech
Blacksburg, VA 24061, USA
binoy@vt.edu

Abstract

We argue that the key underpinning of the current state-
of-the real-time practice — the priority artifact — and that
of the current state-of-the real-time art — deadline-based
timeliness optimality — are entirely inadequate for specify-
ing timeliness objectives, for reasoning about timeliness be-
havior, and for performing resource management that can
dependably satisfy timeliness objectives in many dynamic
real-time systems. We argue that time/utility functions and
the utility accrual scheduling paradigm provide a more gen-
eralized, adaptive, and flexible approach. Recent research
in the utility accrual paradigm have significantly advanced
the state-of-the-art of that paradigm. We survey these ad-
vances.

1. Introduction

Many emerging real-time embedded systems such as ro-
botic systems in the space domain (e.g., NASA Jet Propul-
sion Laboratory’s Mars Rover [7]) and control systems in
the defense domain (e.g., phased array radars [11] and bat-
tle management systems [10]) operate in environments with
dynamically uncertain properties. These uncertainties in-
clude transient and sustained resource overloads (due to
context-dependent, activity execution times) and arbitrary
activity arrival patterns. Nevertheless, such systems’ desire
the strongest possible assurances on activity timeliness be-
havior. Consequently, their non-deterministic operating sit-
uations must be characterized with stochastic or extensional
(rule-based) models.

The most distinguishing property of such systems, how-
ever, is that they are subject to time constraints that are
“soft” (besides hard) in the sense that completing an activ-
ity at any time will result in some (positive or negative) util-
ity to the system, and that utility depends on the activity’s
completion time. These soft time constraints are subject to
optimality criteria such as completing all time-constrained
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activities as close as possible to their optimal completion
times—so as to yield maximal collective utility. The op-
timality of the soft time constraints is generally at least as
mission- and safety-critical as that of the hard ones.

Jensen’s time/utility functions (or TUFs) [16] allow the
semantics of soft time constraints to be precisely specified.
A TUF, which is a generalization of the deadline constraint,
specifies the utility to the system resulting from the comple-
tion of an activity as a function of its completion time.
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Figure 1. Example TUF Time Constraints. (a):
AWACS Association TUF [5]; (b-c): Air De-
fense Plot Correlation, Track Maintenance, &
Missile Control TUFs [25]; (d): Step TUFs.

Figure 1 shows example time constraints from real ap-
plications specified using TUFs. Figures 1(a)-1(c) show
some time constraints of two applications in the defense do-
main [5, 25].) The classical deadline is a binary-valued,

'More real-world TUFs exist, including those with more complex
shapes, but they appear in classified US DoD systems and hence are not
in the public domain.



downward “step” shaped TUF; Figure 1(d) shows exam-
ples.

When activity time constraints are expressed with TUFs,
the scheduling optimality criteria are based on accrued ac-
tivity utility—e.g., maximizing the sum of the activities’
attained utilities, assuring satisfaction of lower bounds on
activities’ maximal utilities. Such criteria are called utility
accrual (or UA) criteria, and sequencing (scheduling, dis-
patching) algorithms that consider UA criteria are called UA
sequencing algorithms.

2. TUF/UA Paradigm Overcomes Existing
Shortcomings

TUFs and UA scheduling overcome many of the short-
comings of the state-of-the-real-time-practice [15] and
state-of-the-real-time-art [23]. Most application time con-
straints are expressed and handled in current real-time prac-
tice using the priority artifact. Priorities have significant
shortcomings, including the following:

(1) Mapping application time constraints to priorities is
generally not tractable. Doing so, results in significant loss
of information, thereby making it difficult to dependably
satisfy time constraints;

(2) Priority assignments are not modular for express-
ing urgency, because they require global knowledge of all
priority assignments, which is often difficult to obtain dur-
ing system development (e.g., due to organizational bound-
aries);

(3) Urgency of an application activity is typically or-
thogonal to the activity’s relative importance, but a prior-
ity cannot express both (urgency and importance). This
causes difficulties in managing resources during resource
overloads, when completing activities that are more func-
tionally important than those which are more urgent is often
desirable.

Traditional real-time computing theory [23] overcomes
these shortcomings by providing application designers with
the direct abstraction of time constraints (instead of map-
ping time constraints to priorities), and using that abstrac-
tion for resource management. However, that theory is fun-
damentally limited to the deadline time constraint. In con-
ventional real-time theory, deadlines are mapped to fixed
priorities in algorithms such as RMA [22] and DMA [22] or
are directly used for scheduling and resource management
in algorithms such as EDF [14]. Deadlines and deadline-
based scheduling have the following drawbacks:

(1) A deadline is either (i) a binary-valued expression
in the sense that it is either met or not met; or (ii) a
linear-valued expression for the penalty of lateness—i.e.,
the penalty of being late per unit time is constant regardless
of the activity’s lateness. Thus, deadlines also cannot dis-

tinguish between urgency and importance — a serious lim-
itation during overload situations (as explained previously);

(2) Classical deadline-based scheduling [14] suffers
from the (counter-intuitive) domino effect during over-
loads [24], as deadline-based algorithms (during overloads)
favor activities that have a high likelihood for missing their
deadlines over those that have a low likelihood for doing so.

(3) Deadlines cannot express time constraints that are
non-binary and non-linear in the sense that the utility at-
tained for activity completion varies (e.g., increases, de-
creases) with the activity completion time.

Timeliness optimality criteria that can be expressed us-
ing deadlines thus fall into the following classes: (1) the
hard real-time criterion of satisfying all deadlines; (2) cri-
teria that are expressed using number of missed deadlines
(e.g., minimize deadline misses, satisfy an upper bound on
missed deadlines); and (3) criteria that are expressed using
lateness (e.g., minimize maximum lateness, satisfy an upper
bound on lateness).

Note that the TUF/UA paradigm overcomes these short-
comings. In particular, UA criteria directly facilitate adap-
tive behavior during resource overloads, when (optimally
or sub-optimally) completing activities that are more impor-
tant than those which are more urgent is often desirable. UA
algorithms that maximize summed utility under downward
step TUFs (or deadlines), meet all activity deadlines during
under-load situations—i.e., no deadline-misses occur dur-
ing those situations [24, 6, 32]. When overloads occur, they
favor activities that are more important (since more utility
can be attained from them) than those which are more ur-
gent. Thus, deadline scheduling’s optimal timeliness behav-
ior is a special-case of UA scheduling.

UA scheduling was first introduced by Jensen [12] in a
classified military system. The first public reference was
written by Jensen, Locke, and Tokuda in [16] and was
later elaborated on in Locke’s thesis [24] and Clark’s the-
sis [6]. Subsequently, there have been very few efforts
that built upon Locke’s and Clark’s algorithms. Most of
the subsequent efforts focussed on downward step TUFs
and sought to improve the timeliness behavior during over-
loads [17, 26]. Exceptions include [2, 28], which consider
non-step TUFs.

While Locke’s algorithm allowed almost arbitrary TUF
shapes, it was restricted to resource-independent activi-
ties. Clark’s algorithm, called DASA, advanced Locke’s
model by allowing activities to mutually exclusively share
non-CPU resources under the single-unit resource request
model. DASA also provides assurances on timeliness be-
havior such as optimal timeliness during under-load situ-
ations. However, DASA is restricted to downward step
TUFs. Algorithms in [2, 28] allow non-step, but unimodal
TUFs. Further, they do not allow sharing of non-CPU re-
sources.



3. Recent Advances

In spite of the generality and superiority of TUFs and UA
scheduling, they have drawbacks that have apparently been
impediments to their widespread usage. The most signifi-
cant drawbacks include: (1) lack of more general timeliness
assurances of TUF/UA systems, beyond the special-case as-
surance of optimal timeliness during under-loads for step
TUPFs; (2) lack of tool support for composing TUFs and for
conducting UA timing analysis; (3) lack of UA algorithms
that consider quality of service dimensions of embedded
systems other than timeliness, such as power consumption
and memory management; and (4) UA algorithms’ higher
overhead than priority/deadline-based algorithms.

Recent research on UA scheduling has largely over-
come these drawbacks. Several new UA scheduling algo-
rithms have been recently developed. Examples include
Li’s assurance-driven UA scheduling algorithms and proto-
cols [18, 21, 19], Wu’s energy-efficient UA scheduling algo-
rithms [29, 33, 34, 31, 30], Cho’s wait-free protocol for UA
scheduling under non-blocking synchronization [3, 4], and
Feizabadi’s memory-aware UA scheduling algorithm [8, 9].
We overview each of these major advances in the subsec-
tions that follow.

3.1. Assurance-Driven UA Scheduling

Li’s UA scheduling algorithms and protocols break sig-
nificant new ground by providing more general assurances
on timeliness behavior of TUF/UA systems such as assur-
ances on individual activity timeliness behavior and system-
wide, collective timeliness behavior. Li’s algorithms and
protocols consider stochastic activity models, where activ-
ity execution times and inter-arrival times are stochastically
described. In particular, the algorithms and protocols con-
sider a stochastic, activity arrival pattern called PUAM,
which is a probabilistic generalization of the unimodal ar-
rival model [13], and which subsumes most traditional ar-
rival models (e.g., frame-based, periodic, sporadic, uni-
modal) as special cases. The algorithms and protocols allow
activities to be subject to unimodal TUFs, and to mutually
exclusively share non-CPU resources under the single-unit
request model.

Li’s approach includes off-line CPU bandwidth allo-
cation, run-time scheduling, and run-time lock-based and
lock-free resource access contention resolution. While CPU
bandwidth allocation allocates CPU bandwidth share to ac-
tivities, scheduling orders activity execution on the CPU.
Li’s lock-based resource access protocols resolve con-
tention among activities (at run-time) for accessing shared
resources, and bound the time needed for accessing those
resources. Li’s bandwidth allocation algorithms, scheduling
algorithms, and resource access protocols collectively pro-

vide stochastic assurances on timeliness behavior includ-
ing probabilistically satisfied lower bounds on each activ-
ity’s maximal utility, in addition to a lower bound on the
sum of activities’ maximal utilities, besides maximizing the
summed utility.

Lock-free synchronization have several advantages over
lock-based synchronization such as greater concurrency, re-
duced run-time overhead, and fault-tolerance. But lock-
free synchronization generally incurs significant, additional
time costs (with respect to lock-based synchronization) due
to their “retry” loops [1]. Thus, Li analytically identifies
the conditions under which UA scheduling with lock-free
synchronization is advantageous with respect to satisfying
utility lower bounds than UA scheduling with lock-based
protocols, and vice versa. These analytical conditions es-
tablish the tradeoffs between UA scheduling with lock-free
synchronization and UA scheduling with lock-based syn-
chronization.

Li’s algorithms and protocols thus allow application de-
signers to specify lower bounds for individual activity and
system-wide maximal utilities and associated probabilities
for satisfying them, and analytically verify the probabilis-
tic satisfaction of those bounds. The algorithms and pro-
tocols have been folded into a software tool called Vir-
ginia Tech TUF/UA Design Toolkit, in corporation with Tri-
Pacific Software, Inc., for allowing designers to automati-
cally compose TUFs and conduct UA analysis. The toolkit
has been transitioned to The MITRE Corporation for use in
US DoD programs. Ongoing work is developing a commer-
cial version of this toolkit by integrating it with Tri-Pacific’s
RapidRMA [27].

Li’s algorithms, protocols, and the tool thus directly
solve a longstanding problem with TUF/UA scheduling,
thereby significantly advancing the TUF/UA paradigm.

3.2. Energy-Efficient UA Scheduling

Wu’s algorithms extend the TUF/UA paradigm in a qual-
ity of service dimension that is critical for emerging, mo-
bile and portable, battery-powered embedded systems: en-
ergy consumption. Wu’s algorithms solve, for the first
time, the overlapped problem space that intersects: (1) UA
scheduling under TUF time constraints, providing general
assurances on individual and collective timeliness behav-
ior; (2) scheduling activities under mutual exclusion re-
source constraints; and (3) CPU scheduling for reduced and
bounded system-level energy consumption.

Similar to Li’s, Wu’s algorithms also consider a stochas-
tic activity model, where activity execution times are sto-
chastically described. Wu’s algorithms allow activities to
be subject to non-increasing unimodal TUFs, and to mutu-
ally exclusively share non-CPU resources under the single-
unit request model. However, Wu’s algorithms consider a



system-level energy consumption model, where each sys-
tem component’s energy consumption is individually mod-
eled and aggregated to obtain system-level energy con-
sumption. For such a model, Wu’s considers the objective
of (1) providing stochastic assurances on timeliness behav-
ior, including probabilistically satisfied, lower bounds on
each activity’s maximal utility and a lower bound on the
sum of activities’ maximal utilities; and (2) maximizing
system-level energy efficiency; while ensuring that (a) the
system’s energy consumption never exceeds the specified
energy budget; and (b) resource dependencies that arise due
to mutually exclusive resource sharing are respected.

Wu presents a class of polynomial-time, DVS (dy-
namic voltage scaling)-based, UA scheduling algorithms to-
ward this objective. The algorithms are called EUA [33],
ReUA [34], EUAx [31], and EBUA [30]. EUA provides
stochastic assurances on timeliness behavior and maxi-
mizes activities’ attained utility and system-level energy
efficiency. ReUA extends EUA’s step TUF model with
non-increasing TUFs, and extends EUA’s independent task
model with mutually exclusive resource sharing. Further,
EUAx extends EUA’s and ReUA’s periodic arrival model
with unimodal arrival; EBUA ensures that the system’s en-
ergy consumption never exceeds the specified energy bud-
get.

Wu’s RUA algorithm [32] makes a major contribution
by extending TUF/UA scheduling to mutually exclusive re-
source sharing under the multi-unit resource request model.
The multi-unit model generalizes the single-unit model and
subsumes the reader/writer lock model and the AND, OR,
and AND-OR request models as special cases. Similar
to DASA, RUA achieves optimal timeliness during under-
loads, and upper bounds the resource access blocking time.

3.3. UA Scheduling with Wait-Free Synchronization

Most real-time systems use locks for concurrently, but
mutually exclusively accessing shared data objects. How-
ever, locks have several disadvantages such as reduced con-
currency (due to serialized access to shared objects), in-
creased run-time overhead (due to increased context switch-
ing between activities blocked on shared objects and activ-
ities that hold locks of those objects), potential deadlocks
due to failure of lock holders, and the need for a-priori
knowledge of the order of accessing shared objects and/or
ceilings of locks.

In [4], Cho considers wait-free synchronization for the
single-writer, multiple-reader problem in real-time systems
that are subject to TUF time constraints and UA opti-
mality criteria. The motivation to consider wait-free syn-
chronization for UA scheduling is to reap their advan-
tages (e.g., greater concurrency, reduced run-time overhead,
fault-tolerance) toward better optimization of UA criteria,

such as increased attained utility during under-loads and
overloads, and increased possibility for satisfying lower
bounds on activities’ maximal utilities. However, wait-
free synchronization generally incurs significant, additional
space costs due to their usage of multiple buffers.

In [4], Cho considers the single-writer, multiple-reader
problem. Further, the work considers two UA optimal-
ity criteria: (1) the single criterion of maximizing activi-
ties’ attained utilities; and (2) the dual criteria of (a) sat-
isfying lower bounds on each activities’ maximal utilities,
and (b) maximizing activities’ attained utilities. In [4], Cho
presents a wait-free protocol for UA scheduling, building
upon the space-optimal, wait-free protocol for the single-
writer, multiple-reader scenario developed earlier in [3].
Cho establishes that this protocol’s buffer requirements is
the absolute minimum that is needed to establish the safety
and orderliness properties needed for wait-free synchro-
nization. Furthermore, Cho analytically identifies the con-
ditions under which UA scheduling with wait-free synchro-
nization is advantageous (with respect to the targeted UA
criteria) than UA scheduling with lock-based protocols, and
vice versa. These analytical conditions establish the trade-
offs between UA scheduling with wait-free synchronization
and UA scheduling with lock-based synchronization.

3.4. Memory-Aware UA Scheduling

Feizabadi’s MSA algorithm extend the TUF/UA para-
digm in yet another critical, quality of service dimension
for embedded systems: memory management. Embedded
real-time systems are traditionally limited to main mem-
ory, static allocation, and dedicated fixed-size partitions, all
of which contribute to predictability. However, dynamic
memory allocation and dynamic, automatic memory deal-
location (i.e., garbage collection) is highly attractive for
dynamic, embedded real-time systems whose worst-case
memory requirements cannot often be statically estimated.

The MSA algorithm allows activities to be subject to uni-
modal TUFs, and to mutually exclusively share non-CPU
resources under the single-unit request model. The algo-
rithm considers the scheduling objective of maximizing the
summed utility. Further, the algorithm allows memory to
be dynamically allocated, which are considered as explicit
scheduling points. Similar to CPU overloads, when “mem-
ory overloads” occur (i.e., when memory demands of all
activities cannot be simultaneously satisfied), MSA sched-
ules those subset of activities from whom greater summed
utility can be accrued. Similar to DASA, the algorithm pro-
vides the timeliness assurance of optimal timeliness during
(CPU and memory) under-load situations with step TUFs.



3.5. Summary of Advances

Prototype implementations of many of these new UA
algorithms have also been made. Implementations using
a real-time POSIX-compliant framework [20] have shown
that the algorithms have reasonable overheads even at a
middleware level. For example, in [20], we show that
DASA’s overhead is in the magnitude of sub-milliseconds,
for a ready queue of over 60 threads on a S00MHz Pentium
platform.
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Figure 2. Coverage of TUF/UA Scheduling

In Figure 2, we summarize the new TUF/UA scheduling
advances using a three-dimensional matrix. Each matrix
row represents an application/system model attribute such
as no resource sharing, lock-based/lock-free/wait-free re-
source sharing, power, and memory. Each matrix column
represents a class of TUF shape (e.g., step, non-increasing,
unimodal, arbitrary). Further, each matrix element (iden-
tified by a row and a column position) is partitioned into
deterministic and stochastic task models — the top left tri-
angle of the element represents the deterministic model and
the bottom right triangle represents the stochastic model.
Algorithms developed in past research and those developed
recently are now placed in the appropriate matrix elements.
Observe that while traditional real-time algorithms are con-
fined to the first column (for step TUFs), TUF/UA algo-
rithms span all columns, illustrating their wider coverage.

4. Conclusions

We conclude that the TUF/UA paradigm is important in
dynamic real-time systems, and that the state-of-the-art has
recently significantly advanced. A variety of new schedul-
ing and resource management algorithms have been re-
cently devised. These algorithms overcome many of the

traditional drawbacks of the original approaches, and ex-
pand the coverage of TUF/UA scheduling. We are unaware
of any other timeliness model and scheduling techniques
that can satisfy the timeliness requirements of dynamic non-
deterministic real-time systems as well as TUF/UA tech-
niques can.

We believe that emerging real-time systems can signifi-
cantly benefit from using the TUF/UA paradigm. This will
allow such real-time systems to leverage the adaptivity and
flexibility of the paradigm, yet reap the advantages of tra-
ditional real-time theory (e.g., timeliness optimality during
under-loads, statistical timeliness assurances).
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