designfeature By Mike Woodward, RadioScape Ltd

A NEW APPROACH FOR WIRELESS DESIGN ALLOWS
DESIGNERS TO INTEGRATE MULTIPLE, PACKET-BASED STAN-
DARDS INTO RESOURCE-CONSTRAINED HANDSET HARDWARE.

Virtual machines and
stochastic scheduling
simplify wireless design

ditional stack-development approach for user-

equipment handsets as “silo-based” because of
its extreme vertical integration between software and
hardware and the lack of horizontal integration with
other stacks (Figure 1). This silo approach breaks
down when implementing multiple packet-based
standards, because it assumes that the stack devel-
oper “owns” the underlying hardware resource and
can therefore make assumptions about resources,
such as scratch- and persistent-memory-buffer al-
location. These availability assumptions are mean-
ingless in a multimode environment, in which stacks
that may “beat” against one another in their under-
lying timing are competitively acquiring resources,
such as memory.

The silo approach assumes that you can configure
the worst-case system loading at design time, allow- ‘
ing you to assign resources during system de-
sign rather than at runtime. However, the ap-
proach is essentially unworkable for multichannel,
packet-based systems with a high peak-to-mean re-
source-loading profile. In addition, it assumes that
one design group will code the system and that the
standard will not change significantly during devel-
opment. Both assumptions are likely wrong for
modern communications systems.

Silo-based development often allows assumptions
about each functional implementation’s resource
usage, call format, and behavior to leak out into the
rest of the design, leading to a number of undesir-
able design practices taking root under the banner
of efficiency. For example, knowing how long vari-
ous functions will take to execute (in terms of cy-
cles) and how much scratch-memory function each
will require, system designers can often write static
schedules for scratch memory, allowing multiple
routines that do not overlap in time to use a com-
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Figure 1

mon buffer and thereby avoiding potentially ex-
pensive and nondeterministic calls to malloc() and
free(). However, such a design also tends to be frag-
ile. If you reimplement any of the engines, causing
amodification in their resource profiles, timings, or
both; if the underlying hardware should change; or,
worse, if the stack shares those underlying resources
with another stack altogether (the multimode
problem), a ground-up redesign becomes a near
certainty.

AN ALTERNATIVE APPROACH

As with any high-complexity design problem, the
best approach is to partition the issues into less com-
plex blocks that you can tackle with some autono-
my. The underlying conceptual model for this alter-
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native approach, known here as the vir-
tual-machine approach, assumes that
Layer 1 of a communication stack de-
composes into the executive, the virtual
machine (runtime kernel), and the en-
gines (Figure 2).

An analysis of Layer 1 software in op-
eration reveals that it spends 80
to 90% of the execution time
servicing the computation-intensive sig-
nal-processing transforms associated
with the wireless application. These high-
resource functions include Fourier trans-
forms, vector multiplying, FIR filters, and
decimators. In fact, these transforms ex-
hibit a high degree of commonality
across different wireless applications. You
implement these high-resource, largely
application-neutral components in ei-
ther dedicated hardware or highly plat-
form-optimized software. The proposed
architecture treats high resource func-
tions in a special way to create “engines.”
Specifically, the architecture confor-
mance-tests engines against their behav-
ioral equivalents and profiles their per-
formance, enabling a unique type of
resource simulation.

The remaining 10% of processing re-
sources, the executive, is essentially a con-
trolling state machine that invokes the
transforms as the specific wireless stan-
dard requires. The executive is usually
highly complex but requires relatively
few processing resources. These low-re-
source, largely application-specific com-
ponents rarely contain resources that in-
herently bind them to an underlying
hardware substrate. In fact, they are
portable to any other design using the
same virtual-machine runtime kernel re-
gardless of whether they implement the
engines in hardware or software. Exam-
ples of executive functions include over-
all data-flow expression of a data plane,
acquisition and tracking logic, and chan-
nel creation and deletion of planes in a
third-generation design.

The alternative approach bases the ar-
chitecture around a thin virtual-machine
runtime kernel that separates the execu-
tive and the high MIPS engines. At its
simplest level, it provides semiconduc-
tors and RTOSs with abstraction layers
that enable portable baseband software.
This function does not replace the RTOS;
the system still uses RTOS services where
the engines reside on a processor, usual-
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Figure 2
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An alternative development approach bases the Layer 1 software architecture on a virtual machine.

ly in a DSP. The virtual-machine runtime
element needs to identify common
threading, interrupt, memory, and re-
source-management models, which the
designer then maps onto the available
primitives for any third-party RTOS by
its runtime implementation. The virtual
machine also includes sophisticated re-
source-management functions that are
critical to solving the Layer 1 wireless-de-
velopment bottleneck (Figure 3).

All this effort would be for nothing,
from a resource-scheduling point of
view, if the high-level code were to di-
rectly call the engines. Direct calls would
more or less determine the underlying
execution sequence and the threading
model, which is critical for an efficient
implementation. Even worse, the caller
would be responsible for setting up the
appropriate memory for the underlying
engine, effectively leading to explicit re-
source scheduling. In this approach, only
a middleware service, namely the virtu-
al-machine runtime kernel, may call an
engine. Specifically, the runtime kernel
includes a scheduler that effectively exists
as a single instance across all executive-
process and logical threads. It uses a plug-
in scheduling policy to decide which of
these tasks to submit for execution to the
underlying RTOS, how many RTOS
threads it will use, and at what priority
and logical time step.

SIMULATION IS KEY

Although you must ensure that your
system is bit-correct, it is equally neces-
sary to make appropriate judgments
about resource management. Certainly,

worst-case analysis is inappropriate and
can give vastly overpessimistic and,
hence, expensive results for multimode
designs. However, using performance
simulation may reveal a dependency on
how the various stacks “beat” against one
another in time. Virtual-machine re-
source simulation does not run the en-
gines themselves when the executive calls
them but rather simply updates a “re-
source-use scoreboard.” You capture in-
formation on the resource usage of each
engine separately during a cycle-accurate
simulation or during actual hardware ex-
ecution by a performance-profiling
process. The profile holds records of the
use of each resource type (memory, cy-
cles, bus bandwidth, and others) for a
range of values of an appropriate inde-
pendent variable, such as vector size or
bit width. It can stochastically express the
engine-resource profiles, whereby, for ex-
ample, the number of cycles a task re-
quires is not simply a deterministic func-
tion of the dimensions of its inputs. (For
example, a turbo coder takes more cycles
to process a more corrupted input vec-
tor.) A parametric form stores the re-
source costs for each engine as part of the
engine’s componentized description. The
simulator executes the “real” executive
code but substitutes execution of the en-
gines for robust estimates of their re-
source usage.

Because resource simulation is so
much faster than cycle-accurate simula-
tion, it allows you to place a vast amount
of traffic through a candidate system de-
sign and examine many scenarios of in-
teraction between two stacks. This ben-
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efit aids designers of complex
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The virtual-machine runtime provides resource manage-

gine-call sequence maps may | ment and scheduling, decoupling executives from engines.

be available or, in any case, may

be derived, explicit deadline information
is rarely available. Your problem then be-
comes deriving a valid serialized sched-
ule for such a system at a specified load-
ing, which you express as a set of system
parameters, such as the number of active
channels or the maximum throughput
bit rate. Limits of 100% on each of the
resources constrain the efficiency of any
such schedule on the upper boundary.
(For example, any schedule that uses
120% of the available memory is, at
some point, invalid or at least requires
further work to clarify its starvation be-
havior.) But, below this point, some
weighting determines the “goodness of
fit” For example, the designer may con-
sider desirable a serialized schedule that
keeps memory allocation at less than
50% and so appropriately weight the
overall metric.

The solution to the multimode prob-
lem requires more sophisticated han-
dling than simple scheduling policies,
such as first-come, first-served. Specifi-
cally, a more sophisticated scheduling
policy is necessary. Current policies nei-
ther use the known engine-resource costs
to any significant extent nor attempt to
look forward. Furthermore, the use of
deadlines in a real-time system, particu-
larly on an engine-level basis, is often un-
realistic due to the event-driven nature of
processing. A more sophisticated re-
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source-allocation policy is necessary, and
you must treat it as an integral part of the
scheduler.

STOCHASTIC SCHEDULING

Designers may process data that they
gather during resource simulation to
construct an engine-request probability
matrix. The matrix is based upon the
calls from the executive to the engines via
the virtual-machine runtime kernel (Fig-
ure4). The derived matrix is sparse, with
many “zero” transitions and a number of

LOOKING “INFINITELY”
INTO THE FUTURE WOULD
CAUSE A COMBINATORIAL

EXPLOSION IN THE CONSID-
ERED STATE SPACE.

“one” transitions. However, a typical
stack with branching produces some
probabilities between zero and one,
which is the first introduction of sto-
chastic behavior into the system.

At any given time, various logical
threads in the controlling executive pres-
ent the runtime scheduler with only
the very next deterministic-engine re-
quest to consider for execution. Sched-

sider the possible future con-
sequences of various moves.
It does not consider all pos-
sible outcomes (even within
the constraints of, for example, a two-
move look ahead) but rather uses a set of
heuristics to determine which scenarios
to further expand. Stochastic scheduling
policy faces a cognate challenge.

With the scenario-generation heuris-
tics in place, the next required step is to
provide a set of planning metrics. You use
these metrics to analyze the merits of
each of the candidate scenarios that the
generation heuristics produce and, ulti-
mately, to allow you to represent each
scenario with a scalar “goodness” value.

The overall domain for these planning
metrics usually spans some or most of
the following “objective” measures, eval-
uated on a per-time slice and per-group
basis: The measures are overall memory
usage, overall group usage, proximity to
deadlines when known, and power usage.

You may also employ a number of oth-
er heuristic metrics. Referring back to the
chess-software analogy, the objective
metrics would be cognate to valuing out-
come positions based on piece values,
and the heuristics cognate to rules such
as “Bishops placed on open diagonals are
worth more than bishops that command
fewer free squares.”

System designers can set the transfer-
function curvature—determining, in ef-
fect, whether the system responds early
or late to resource shortages. In addition,
system designers can determine the rel-
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ative weights to assign to each of the
planning metrics whose sum gives the fi-
nal single scalar value.

The approach that this virtual-ma-
chine paradigm uses—stochastic sched-
uling—provides a solution to the mul-
timode problem. It uses tables that
predict the likelihood of engine-request
transitions, constructed during simula-
tion runs, together with the engines’ re-
source-usage profiles, to allow the sched-
uling policy at runtime to look forward
in time and dynamically balance the
requirements of multiple concurrent
stacks.

Clearly, it is critical that the benefits of
stochastic scheduling exceed its cost in
cycles and memory in implementa-
tion. You can apply many propri-
etary techniques, to minimize the recal-
culation requirements at each time slice.
You establish the efficiency of each pu-
tative implementation by further exam-
ining the system performance using the
resource simulator with the appropriate
plug-in scheduling policy installed in the
runtime kernel.

Stochastic-scheduling policies deliver
superior efficiency over general-purpose
approaches, such as “earliest deadline
first,” because they have additional in-
formation available and are more appro-
priate to communication applications
than, say, static, RMA (rate-monotonic-
analysis) techniques.

RESOURCE STARVATION

Starvation occurs when necessary sys-
tem processing does not occur in a time-
ly fashion, because inappropriate re-
sources were available to schedule it. For
a number of cases, a “smarter” schedul-
ing policy can produce significantly bet-
ter performance, but, as loadings in-
crease, there ultimately comes a point at
which even the most sophisticated poli-
cies cannot cope. At this point, the sys-
tem must be able to systematically fail
some of the requests. Such failure might
actually be part of the envisioned and ac-
cepted behavior of the system—a neces-
sary cost of existing in a bursty environ-
ment. The important thing is that the
scheduler takes action and gracefully de-
grades the system performance, rather
than invoking a catastrophic failure.

Stochastic scheduling under the virtu-
al-machine approach successfully gener-
ates valid serialized schedules for a sig-
nificant class of multimode scenarios, in
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from simulation data.

which silo-based approaches fail. Fur-
thermore, it gives better performance
than “simple-RTOS” scheduling ap-
proaches. Specifically, stochastic sched-
uling provides significant benefits
through its use of additional information
not available to conventional approach-
es to balance inherently bursty require-
ments at runtime between multiple com-
peting stacks. The virtual-machine
paradigm of resource-profiled engines
(high-resource basic transforms) is cen-
tral to this endeavor, because it provides
additional information to the scheduler
about the most significant resource con-
sumers a priori and because such an ap-
proach is necessary for efficiently per-
forming large-scale Monte Carlo traffic
simulation of multimode systems.

The virtual-machine resource simula-
tor is necessary, because it provides the
engine-request-transition probability
matrix for each executive. A static sched-
ule is inappropriate for bursty and mul-
timode systems, because they tend to
have high peak-to-mean resource-usage
profiles, and static schedules at design
time tend to focus on worst-case analy-
sis, leading to inefficient or impractical
designs. The virtual-machine runtime
scheduler, by separating executives from
the engines that they wish to invoke, is a
necessary step that prevents developers
falling into the “silo-mode” trap and en-
ables them to share resources. All signif-
icant resources, not simply cycles, require
scheduling; therefore, you must also
schedule memory. Memory schedulers
allow the end system to approach the ef-
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PROBABILITY OF TRANSITION
TO THAT ENGINE

You can derive a conceptual model of an engine-state transition-probability matrix

ficiency of silo-mode techniques that fix
all or most buffers at design time and still
allows for burstiness and beating multi-
mode, multivendor implementations.

This alternative approach to the prob-
lematic silo-development method pro-
vides a design methodology and tool set
based on the deployment of a virtual-
machine runtime kernel. It removes the
executive software’s dependence on the
underlying semiconductor hardware and
in doing so commoditizes the underlying
engine implementations. Innovative sim-
ulation and optimization techniques
maximize the performance and cost ef-
ficiency of resulting products. The archi-
tecture allows separate wireless execu-
tives to safely share underlying high-
MIPS engines through the virtual-ma-
chine kernel. It offers a significant ad-
vantage by creating multistandard op-
tions providing the necessary flexibility
and cost efficiency for the sophisticated
user equipment of the future.O
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