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Abstract. Moore’s law describes the growth in on-chip transistor density,
which doubles every 18 to 24 months and looks set to continue for at least a
decade and possibly longer. This growth poses major problems (and provides
opportunities) for computer architecture in this time frame. The problems arise
from current architectural approaches, which do not scale well and have used
clock speed rather than concurrency to increase performance. This, in turn,
causes excessive power dissipation and circuit complexity. This paper takes a
long-range position on the future of chip multiprocessors, both from the micro-
architecture perspective, as well as from a systems perspective. Concurrency
will come from many levels, with instruction and loop-level concurrency man-
aged at the micro-architecture and higher levels by the system. Chip-level mul-
tiprocessors exploiting massive concurrency we term Microgrids. The direc-
tions proposed in this paper provide micro-architectural concurrency with full
forward compatibility over orders of magnitude of scaling and also the man-
agement of on-chip resources (processors etc.) so as to autonomously configure
a system for a variety of goals (e.g. low power, high performance, etc.).

1 Introduction

1.1 Micro-architecture challenges

Although today’s large scale parallel computing systems comprise clusters of com-
modity processors, discs and networks, future systems will have to address funda-
mentally new issues as we inevitably move towards large-scale, on-chip parallelism,
i.e. from 103 to 105 processors, which we call Microgrids. Microgrids will also form
the basis of mega-scale computing systems, comprising millions of processors, com-
pounding the issues and increasing system-management complexity. To fully exploit
such complex systems it is essential to answer some fundamental questions that sim-
plify and give a formal basis for on-chip concurrency models, execution strategies and
resource management. Failure to address these problems has delayed the introduction
of highly concurrent micro-architecture [1] and consequently, technology advances
over the last decade have advanced processor performance through clock speed, using
a combination of smaller gate delays and shorter pipeline stages. Performance gains
from concurrency have been limited, even though circuit density has grown more
rapidly than circuit speed. Instead, increased circuit density is supporting unscalable



execution models, such as out-of-order issue (OoO). Ironically, large on-chip memo-
ries are then used to mitigate against the divergence between on-chip clock speeds
and memory cycle times, resulting from the aggressive clocking. OoO has a long his-
tory going back to Tomasulo’s algorithm introduced in the IBM 360/91 [2] and sub-
sequent developments such as reorder buffers [3], which are used extensively in mod-
ern microprocessors. However, instruction dispatch [4] and register file [5]
implementations have poor scaling properties and this has led to several, recent, high-
profile projects being cancelled due to excessive circuit complexity and power dissi-
pation e.g. [6]. This power barrier should have been no surprise, as in 1999 it was
predicted that the Alpha 21464 would use a quarter of the chip’s power budget on its
instruction queue [7]; this chip was also cancelled in 2002.

Using concurrency to obtain performance is a much better strategy, as long as
some fundamental questions can be answered. To illustrate this consider the T800
transputer [8], a 0.25M transistor chip with 64-bit floating point capability, designed
for concurrent applications. This processor could be replicated 400 times in current
technology, giving instruction issue widths a hundred times those found in current
OoO processors. Such naïve chip multi-processors (CMPs) are not particularly viable
in a general-purpose market, as they require explicit, user-level, concurrency to pro-
gram them making the migration to such systems slow and difficult. The one and only
advantage of the OoO paradigm is that concurrency is extracted and exploited implic-
itly from legacy binary code. Very-long Instruction words (VLIW) are used increas-
ingly in embedded applications and also have problems in scaling up to massive
concurrency. Here scheduling is delegated to the compiler, which although produces
lower-power solutions to instruction issue, also generates static schedules that limit
scalability. The first challenge we face therefore, is to obtain scalability across a wide
range of codes while retaining binary- and source-code backward compatibility.

In [9,10] a number of technological challenges are outlined for future micro-
architectures. These include scalability of micro-architectures in area, performance
and power dissipation, as well as strategies for chip multiprocessors that address
power awareness and power management. Finally, there is the issue of signal propa-
gation, which will force micro-architectures to eliminate global on-chip communica-
tion completely. One of the major global communication networks is the clock-
distribution network and a more practical approach to future CMP design would be to
use a globally-asynchronous, locally-synchronous (GALS) clocking approach but the
big question is how to design ILP processors, which naturally synchronise on register
variables, with an asynchronous and distributed model of communication. This is the
challenge undertaken in this paper.

1.2 Micro-architecture concurrency

There are two widely-used models of concurrency at the micro-architectural level.
The first is implicit and relies on hardware to detect and enforce dependencies when
executing instructions out of order. As already indicated this model scales very badly
when increasing concurrency. The other model is VLIW, which has better scaling but
has compatibility problems. In particular, binary code must be regenerated (as the
schedules are static) for each increase in concurrency. EPIC architectures provide



some remission in this area by allowing the binding of instruction to resource to be
dynamic. However, it requires many of the structures found in OoO approaches, such
as branch predictors and the static schedules limit scalability.

A third way has been explored by a number of groups; it relies on decomposing
and managing multiple fragments of code concurrently. The scheduling of these code
fragments must be made efficient and this requires the fragments to be exposed within
a single context, which differentiates it from most multi-threaded architectures. By
interleaving fragments, latency tolerance is achieved and by distributing fragments to
different functional units or processors, speedup is obtained. The first published paper
on code fragmentation was called microthreads and dates back to 1995 [11]. It was
proposed as a means by which processors in a distributed system could tolerate high
levels of latency. More recently a similar approach called intrathreads [12] adopts the
same principal but with a different approach to implementation. It uses bounded
concurrency and statically-partitioned resources, whereas microthreads describe pa-
rametric concurrency where resources are managed dynamically though the concept
of micro-contexts. Another difference is that intrathreads separate synchronisation
and data storage, where microthreaded processors implement registers as i-structures
synchronise between code fragments. In recent papers, microthreading has been ex-
tended to support CMPs [13,14] and simulated to evaluate latency tolerance and speed
up [15,16].

These models are both incremental and add just a few new instructions to an ex-
isting ISA to implement explicit concurrency controls. In microthreading, these in-
structions define parametric sets of concurrent code fragments, which are scheduled
dynamically on multiple processors. In intrathreads, the number of threads is fixed
and the implementation is targeted to wide-issue pipelines rather than to a chip multi-
processor. A key feature of microthreads is that concurrency is parametric but that
schedules are dynamic. The same binary code can therefore be run on an arbitrary
number of processors, limited only by the parametric concurrency. This allows for the
dynamic management of resources in microgrids. Thus the number of processors can
be set dynamically to satisfy constraints on performance or power dissipation without
modifying the binary code. It will be demonstrated in this paper that a number of
tradeoffs can provide management of power and performance over an extremely wide
range of processors using largely linear functions. This makes the model ideal for
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single-threaded, in-order execution. It has been shown [1,17] that implementations of
this model are completely scalable and support asynchronous inter-processor commu-
nication that is tolerant to communication delay and does not force any pipeline stalls.
This approach therefore, solves many of the challenges raised in [9,10]. This model
can exploit the full benefit of scaling due to Moore’s law to the end of silicon (i.e. an
estimated 103 to 105 processors per chip).

Microthreaded concurrency is obtained by compiling source code using a mi-
crothread-aware compiler (or by a translation from existing binary code). The model
requires in-order execution semantics, which means that optimal static schedules can
be generated for instruction sequences and deterministic compiler optimisations can
be applied. The exception is where data generation is non-deterministic, as in inter-
thread communication, cache access or iterative operations.  When attempting to read
such data, an explicit context switch is signalled to the hardware and another code
fragment is executed. Concurrency is captured by instructions that create families of
threads to execute loops for all values of their index variable concurrently; basic-
block concurrency can also be captured. The former is parametric and the latter is
static. There are constraints on the creation of code-fragment instances due to re-
source availability and also dataflow constraints on the execution of individual in-
structions. These constraints determine the dynamic schedule for an execution of the
code on a given number of processors.

1.3 Resource management

Resource management is currently divided between two very different domains. At
the processor level, it assumes that computation is performed using a single, powerful
processor and a large global memory system. The memory holds images of all current
activities, i.e. operating system and user tasks. Resource management is then almost
entirely undertaken by sharing processor cycles between these tasks. The large mem-
ory is required to store the state of the multiple tasks and is slow. A memory hierarchy
is then used to solve this problem by caching the data close to the processor, using
implicit data transfers. This is not an optimal solution for several reasons:

• ideally, memory should be distributed to make it faster;
• transfers to cache can be initiated early to achieve tolerance to the high la-

tency memory, interaction between tasks can interfere with implicit and ex-
plicit transfers making optimal solutions heuristic rather than deterministic;

•  finally, moving state between levels of memory will aggravate bandwidth
requirements and cause significant power dissipation.

Solutions to these problems can be found in recent research on processing in mem-
ory architectures (PIM) [18] and, as this paper will show, using microthreading com-
bined with novel resource management solutions, while using near-conventional in-
struction sets with full code compatibility.

The second resource-management domain is on the scale of meta-computers in
Grid infrastructures. This assumes the low-level resource management described
above and provides on top of that, some measure of service quality by resource reser-
vation and application adaptation. This is usually implemented as a middleware layer
on top of one or more conventional operating systems, (e.g. [19,20]). Neither domain



provides solutions to resource management at the micro-architecture level when
dealing with large numbers of processors. A middleware solution is too coarse grain
and conventional operating systems are more suited to single processor environments.

Recently, much emphasis is being placed on the optimisation of power dissipation.
Attempts have been made to manage power dissipation as a function of issue width in
speculative processors [21-24].  These solutions rely on code profiling but dynamic
concurrency varies significantly leading the use of dynamic hardware profiling [25].,
which increases power usage and so there are limits on the scope of such techniques.
Ideally, compiler-based solutions are preferred, e.g. [26] but such approaches can only
effectively control the cache power-performance. Combined compiler and hardware
approaches using fetch throttling can also control concurrency [27] but give only
marginal impact, i.e. 10 to 20% power savings with similar performance degradation
through lower IPC. A second and profound question then is how to design systems of
thousands of processors managed from legacy code, while optimising various goals
such as performance, power and responsiveness over orders of magnitude?

2 Microgrids

2.1 New processor architectures

Microthreading provides parametric concurrency using a few additional instructions
to manage fragments of code efficiently. It adopts a shared-register model of data
with synchronisation on all registers. Assume ISA-mt are the additional microthreaded
instruction, then given a RISC processor whose instructions are defined by ISA-RISC,
then a new ISA can be defined incrementally by the union of the two, i.e. ISA-RISC +
ISA-mt. Similarly we could define a VLIW microthreaded architecture by the union
of a different instruction set, ISA-VLIW with ISA-mt. This paper is concerned only
with the issues arising from ISA-mt.

ISA-µt has been fully specified in [1]. Using that definition, families of code frag-
ments can be specified using the following two concepts:

i. Sets of code fragments statically define concurrency within a shared register
domain. Each code fragment is specified by a pointer to its first instruction
{Pi, 0≤i≤n-1} and is terminated by a Kill instruction. There is no re-
striction on communication between sets of code fragments.

ii. Iterators dynamically define concurrency over a set of code fragments. An
iterator specifies an integer index variable, i, using a triple {s,l,t} such
that {i≥s; i≤l; i=s+kt} where k is a positive integer. The code de-
fined by the set is shared between iterations by defining a micro-context for
each value of i. A micro-context is a partition of a processor’s physical reg-
ister space allocated to an iteration. The first location of the micro-context is
initialised to the index value, i. In the current model, communication be-
tween micro-contexts is restricted and an iteration can access the micro-
context of just one other prior iteration, defined by a constant stride in the
index space, d. The number of registers in the micro-context and the value of
the stride complete the definition of an iterator.



Less restrictive models can also be defined to increase the potential concurrency
exposed, for example in allowing multiple, constant-strided dependencies or even
variable-strided dependencies. However, as concurrency is parametric and unrelated
to machine resources, these models may induce resource deadlock, which is not easily
resolved. This paper considers only the simplest model above, where conditions under
which resource deadlock occur can be easily specified.

2.2 New chip architectures

A Microgrid is a chip comprising, in our model, M microthreaded processors, where
each processor (or cluster of processors) is implemented in its own, clocked domain
and communicates asynchronously with the rest of the chip. Each processor has a lo-
cal register file, access to a broadcast bus and a ring network for shared-register
communications between neighbouring processors, see [1] and figure 2. When exe-
cuting a single thread of control (a Context), a number of processors can be used to
execute an iterator, this is called the Profile associated with that context. A profile is
an ordered subset of processors of cardinality P selected somehow from the M proces-
sors in the microgrid. This subset is configured to have a broadcast bus and ring net-
work linking only the processors within it.

During the execution of an iterator, each processor’s register file will contain the
state for the current context plus micro-contexts for iterations scheduled to it. For a
given P, the triple defining an iterator and a processor’s position in the profile, it can
independently determine the iterations it must execute. These are initialised when it
has resources available, in the form of handles to identify its code fragments and reg-
isters to allocate to its micro-context. The distribution of iterations to processors is de-
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fined by a simple modulo mapping such that iteration i: s≤i≤l, is allocated to
processor j: 0≤j< P, where:

j = |i/kd|P    (2.1)

Thus blocks of kd consecutive iterations are allocated to each processor in turn,
where d is the communication stride and k is a locality parameter, a natural number
limited by the number of registers in the local register file, R.  If the static context re-
quires G registers and each micro-context requires L registers, then to avoid resource
deadlock the following inequality must be satisfied:

kdL + G ≤ R

Normally k should be maximised subject to the above constraint, as k-1 is the ra-
tio of local to remote communications in a loop-carried dependency chain. Note that
k also determines locality in the local D-cache if implemented and can be chosen to
take full advantage of the line size, data size and access patterns to local data. When
executing independent loops, there are no issues with resource deadlock and an arbi-
trary allocation of iterations to processors is possible as there is no communication
between micro-contexts.

2.3 Power awareness and low-power operation

The final issue to be considered before a microgrid operating environment can be dis-
cussed is that of power models for microthreaded microprocessors. As we have al-
ready seen in [21-27], managing power using implicit concurrency is difficult and has
limited effectiveness. Implicit ILP relies on speculation and eager instruction execu-
tion policies, which are at odds with power conservation. Microthreaded microproces-
sors, on the other hand, have conservative instruction execution policies that enable
power-aware operation and yield power-efficiency. Only a single instruction per code
fragment is fetched at a time and branch and data hazards suspend execution of that
fragment until the hazard has been resolved; execution can continue from other frag-
ments if any are active. In the case of a branch hazard the fragment is suspended for a
few cycles until the branch-target address is computed but with a data hazard the code
fragment is suspended indefinitely on a register until the required data has been writ-
ten (if the data already exists execution is suspended only long enough to discover
that fact). Conservative instruction issue policies enhance power efficiency, as:

• no power is dissipated on speculative instruction fetch and execution;
• no area and power are required in making branch or data predictions;
• no area and power are required in managing missprediction cleanup;
• finally, conservative models provides signals to manage power dissipation.

Code fragments are managed by a scheduler, which selects a new code fragment
for execution on any instruction from ISA-µt that causes a context switch. It also
manages the state of all allocated fragments, i.e. whether they are active or suspended.
When all fragments are suspended, this could be used to trigger a higher level context
switch but as already noted, this will involve significant data movement and power



consumption. Alternatively this state can be actively used to manage local power dis-
sipation. Each processor runs its own clock and that clock can be stopped awaiting
data, eliminating any dynamic power dissipation. By definition, as no local threads
are active, the wake-up signal must arrive externally, either from the bus, the ring
network or from memory. These inputs are managed by an asynchronous interface to
the external read/write port of the register file, which can signal the scheduler to re-
start the local clock when it reschedules the suspended fragment. The same signal can
be used to manage a processor’s power rails and minimise static power dissipation
when idle. Note that such control is not possible in speculative execution policies.

This policy allows us to statically place single contexts on dedicated processors,
which become idle while waiting for external events. This distributes the locus of
control of many tasks and localizes the use of memory, avoiding excessive and un-
necessary migration data between different levels of memory. If further, the computa-
tion can be described at a higher level as a communicating collection of components
(i.e. a streaming network), the tasks can be data driven and the only movement of data
will be due to explicit algorithmic concerns, rather than interference in cache memory
from scheduling all tasks to a single monolithic processor.

3 Microgrid system environment

It is first useful to summarise the properties of microthreaded pipelines before looking
at how a system environment can be implemented to manage the processors in a mi-
crogrid. The properties relevant to this discussion are that:

•  microthreaded binary code captures parametric concurrency and those pa-
rameters can be set dynamically;

•  microthreaded binary code is schedule invariant and can be executed un-
changed on a number of processors up to a limit defined by the parameters;

• instructions are tolerant of high levels of latency in their operands;
• processors have asynchronous interfaces and are independently clocked;
• processors consume minimal power while waiting for external events.

An operating system environment to support the massive on-chip concurrency pro-
posed requires new paradigms to be adopted. Microthreaded ISA extensions allow
concurrency to be extracted from legacy code through binary code translation or re-
compilation.  Because this code is schedule-independent the environment can support
the allocation of dynamic profiles to contexts. There is also a need to execute unmodi-
fied binary code from the base ISA on a single processor. Thus the system environ-
ment must provide support in launching contexts and in adjusting their profiles. This
would support all forms of concurrency such as user jobs, multithreaded applications
etc. and be flexible enough to support explicitly programmed concurrent applications
in new programming paradigms, e.g. [28,29]. A strategy is proposed below for build-
ing such a System Environment Process (SEP). It assumes:

• there are a large number of processors on a chip (e.g. 103 - 105);
• contexts are allocated to processors for their duration;
•  contexts communicate using shared memory and/or I/O, managed by mi-

crothreads and microcontexts running on dedicated processors;



• one processor runs a “kernel” (the SEP), that manages a model of the system
resources and is responsible for launching contexts and configuring profiles.

The profile for a microthreaded context is defined as the number of processors al-
located to it, at a given time. A profile is initially a single processor, when the context
is launched. Later, if the context exploits ISA-µt, then more then one processor can be
used to execute the created code fragments. The processors are added to the context
dynamically by requests to the SEP. The choice of profile can be used to optimise the
chip’s performance according to goals and environmental factors. The times at which
a profile may change are during single-(micro)threaded execution, i.e. following a
barrier synchronisation and prior to the next create instruction [1]. At these times no
micro-contexts exist and the context is fully defined by its state on a single processor.

The simplest form of profile is where a context is allocated a fixed number of sec-
ondary processors for the duration of its execution; a more dynamic profile might al-
locate resources at function boundaries and the most dynamic would be adjusted at
the level of individual create instructions (loops). Thus the time constant for recon-
figuration would varies from human interaction speeds down to once every 1000 or so
processor cycles, i.e. from O(1) to O(106) times a second, spanning at least 6 orders of
magnitude. The lower estimate is based on the number of registers in a processor as-
suming that each is written at least once during the optimal execution of a loop.

In practice, the smallest time constant in setting a profile will depend on a number
of issues. These include the characteristics of the code, the requirements for its exe-
cution (e.g. minimum time, maximum throughput, maximum latency tolerance,
minimum power etc.) and the time required to configure the profile following a re-
quest to the SEP. The latter involves several transactions on an in-memory database
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and the configuration of a ring network. Only after the configuration is complete can a
Create instruction broadcast a pointer to its parameters to the new profile. Then, each
processor autonomously executes its schedule as defined by equation 3.1.

Requests for a profile must be embedded in the compiled code at compilation or
binary translation and are remote requests to the SEP, where a global model of all re-
sources is maintained. The SEP also manages the configuration of ring networks. It is
important to understand that an execution of the code is unaffected by the number of
processors used, except in terms of speed and power dissipated. It is even possible to
loosely couple the allocation process and the execution of a subsequent family of mi-
crothreads. The simplest protocol would involve:

i. a context making an SEP request;
ii. the SEP updating its profile model, configuring a new set of resources but

not binding them to the context’s current environment;
iii. both SEP and context competing on the system bus and either:

a. the context winning, executing a create to the old profile and re-
leasing the bus – the SEP would re-absorb the unused resources;

b. the SEP winning, binding the new resources to the old and releasing
the bus – the context requires this to execute the create.

Resource management therefore uses a client-server model and exploits the sched-
ule independence of microthreaded code. Using the above protocol, requests for re-
sources are non-binding and non-blocking and are a part of the compiled code. Non-
microthreaded code gets a single processor and benefits from power-awareness with-
out using microthreaded instructions or dynamic profiles.

4. Enabling results

In order to demonstrate the feasibility of this approach, results are presented that
demonstrate the scaling characteristics necessary for it’s operation. They are based on
a simulation of a CMP shown in figure 2, using a seven-stage Alpha pipeline, with pa-
rameters as defined in table 1. Each processor executes instruction in-order without
branch prediction. The CMP is used to evaluate the performance and power scaling
assuming fine-grain regulation of dynamic power in the scheduler as described in
section 2.3. The code executed is a hand-compiled fragment that implements the
Livermoore hydro fragment. The higher-level microgrid architecture is assumed to be
ideal, with a relatively slow but non-blocking second level of shared memory. This is
a reasonable assumption for regular computation as data can be partitioned according
to the a-priori schedules. Scheduling information can also be used to optimize the L1
D-cache hit rate. The scope for optimisation in microgrids, which have simple, regular
schedules, is much higher than in a modern superscalar processor, where all aspects of
code execution are speculative and heuristic.

The L1 cache controller must quash multiple requests to memory for the same
cache line. Association between address and target register is managed by tagging re-
quests with the register specifier and can be buffered anywhere in the memory sys-
tem. Note that with regular schedules and an 80% cache hit rate, only 2-3% of mem-
ory loads cause a request to the second-level memory, which is pipelined and
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Table 1. Parameters for simulations

System parameters
Main memory Size 4 MB
Local registers / processor 1024
LCQ entries / processor 512

I-cache parameters
Line Size 32bytes
Associativity 8
No Of Sets 8
Buffer entries 2

D-cache parameters
Line Size 64bytes
Associativity 8
No Of Sets 128
Buffer entries 512

provides a line of 64 bytes in 24cycles. Transfer is in 8-byte words and the requested
word is returned first in 10 cycles.

The results presented in Figure 4 which shows the speedup for the Livermore hy-
dro fragment over a wide range of profile sizes executing the same binary code. The
simulation is performed with cold caches and includes the overhead of thread creation
and barrier synchronization following the execution of the loop. The schedule maps
16 consecutive iterations per processor, in order to optimise the L1 D-cache hit rate.
The speedup is within 3% of the ideal for up to 256 processors and is still within 20%
of the ideal for a profile of 2048 processors. The loss of efficiency for larger profiles
is due to the amortisation of start-up overheads over fewer cycles and less latency tol-
erance resulting from the fixed problem size of 64K iterations. This gives only 32 it-
erations per processor for the largest profile or a 20% utilisation of the processors’ re-
sources. Figure 4 also shows speedup against non-microthreaded, single-processor
execution and here the speedup is super-linear for all profiles. Note that mi-
crothreaded code executes about 20% less instructions than non-microthreaded code
to achieve the same result, as index and loop control operations are “executed” in the
scheduler. Management of control and data hazards also contributes to the superior
single-processor performance of microthreaded code, although but other architectures
will have different solutions to this that are not simulated here. Nevertheless the sin-
gle processor profile achieves an IPC of 99.8% on this code even in the presence of
cache misses and a slow second-level memory.

The simulator also models power dissipated and figure 5 shows the results, which
assume the processors’ clocks are enabled on a cycle by cycle basis depending on
whether the scheduler has active threads to execute or not. It also assumes that all
processors in a profile dissipate static power for the duration of the computation. The
results are presented as the relative energy consumed by the hydro-fragment kernel as
a function of the number of processors in its profile. The total energy assumes that a
processor consumes the same amount of energy from dynamic power and static power
dissipation. These results also assume that processors not in a profile consume no
power.



Regardless of the balance
between static and dynamic
power, the envelope between
static and dynamic energy in
figure 4 will contain the total
energy. Again it can be seen that
over two and a half orders of
magnitude the power dissipa-
tions remains within 3% of that
consumed by executing the
computation on a single proces-
sor. At 2048 processors the effi-
ciency of the computation de-
creases due to inefficient use of
the pipeline and a 17.5% over-
head in energy consumed is
seen. This is a very significant
result as it opens up a mecha-
nism for very low-power computation. Figure 4 shows power dissipated for scaled
performance using a large number of processors. When using multiple processors for
constant performance, their frequency can be reduced by a factor equal to the number
of processors used. Scaling the voltage with frequency would reduce the total energy
required by a factor close to the square of the processors used!

5. Conclusions

In this paper the microthreaded model of concurrency has been summarised and
the concept of a microgrid, based on massively concurrent and asynchronous collec-
tions of microthreaded processors has been proposed. It is argued that microgrids
need new concepts of operating environments and that this approach can exploit
Moore’s law to the end of silicon. The proposed approach exploits massive
concurrency by statically placing user and systems contexts rather than time-sharing
them. This is combined with dynamic profiles for contexts that use microthreaded in-
structions. The schedulers in each processor can exploit the model’s parametric
concurrency by autonomously organising the computation across all processors in the
profile. Higher-level control of this mechanism can be used to optimise a number of
system goals over a wide range of parameters. The results presented show a linear
performance scaling on independent loops that spans profiles ranging over two and a
half orders of magnitude for a fixed sized problem. The performance over this range
deviates from ideal scaling by only 2% and the energy required does not grow by
more than 3% despite the additional performance.

In a microgrid, different contexts would draw dynamically from a pool of proces-
sor resources rather than being time-sliced on a single powerful processor. All con-
texts thus retain a minimal profile of one processor, even though that processor may
be idle for much of the time. With 105 processors available, there will no lack of proc-
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essors. Also many low-frequency (system) tasks can be scheduled as collections of
microcontexts on a single processor, responding efficiently to external events, such as
timers or I/O and not wasting system resources. Even if these root processors are idle,
this strategy still makes sense, so long as the idle processors do not consume power.
In general, a good systems management strategy must minimise the critical resource
usage and in a microgrid, this is not processor cycles! Rather it will be power dissi-
pated, memory bandwidth, chip I/O and perhaps other characteristics. This static allo-
cation of minimal profile plus dynamic allocation of additional processors can be
based entirely on compiled user-code and most importantly the requests for resources
are both non-binding and non-blocking.

There are many research questions still to be answered in providing a foundation of
tools and interfaces for the control and optimisation of these critical resources but this
paper demonstrates the scalability that underpins this approach. Clearly it introduces
massive design space optimisation issues, however, as the tradeoffs are largely linear,
the exploration can be simplified and even made dynamic and embedded into the
systems environment model.
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