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Abstract

I TC has bamn deignad as an intemadiate languiage to Suppart aonaurrengy in a range d anputing ardhitetures fram
anvationa digtributed sysars thraugh to resxfigrade patfans (se Prget AETHER). Thegd isto ddinean
abdrad anarret proesx (SVP) that sauppats a range d anarrengy antrds where thoee antrds @n be
imderated in anvattiond sftwere usng OS a languace Suppat in &iding sy$ens a @an be inpdarata in
hardnere theled d thel SA ineragngsdaers Thefdloning prapatiesareranuired in theabetradion to suppat
sif-adgptativesgars

¥ to capture all of a program@ conaurrency: this is reuired as sheing anarray is the aly
mechanianwe haveto suppat sf-adaptation. Wedso ndethat ssuendng a anaurratt desziption istrivid
when ampared to extrading anarrexy frama seuatid ae

¥ to capture locality of communication: this is reguired in ada to relet future andraints an
amunician in sliaon sysens findly

¥ to ke everything as dynamic as possible thisdso ppartstheprget@grdls o sf-adaptivity in a
dyramcly dhang ngenvironmant and far thewidest ranged apdictians

Wak on the SV P ddinition is now anplde It had d<o redisal thee abdradias as a anyle targe languace
language besd an C, namdy | TC, which sands fa miaahreadad C. This languagewill be usad in dedqoing tads
and demondrations o themodd.

SV P has a anaurrengy nocd thet isdoseto hardwerebut whidh isreursvey cdiingd, aloningit to beused to build
anplde sysars in a cheat and unified menng. At its lonet leds the anaat d a miadhreed rgresats a
fundion thet will be inpematal as a suee d indrudians in an indrudiorsd prassx o dratly as
reanfigradelajc Miagahreads areddined in fanilies and anmunicte sridly lodly in a family tordlet thefad
that hardnere will be ther targe. Cammunication within a family is dataflav like which ao rdlats the likdy
hardwere inplaratation. Higededs d amuniaia in the nodd are @ptured udng the anagt @ an
agndronaus ddaly-dhared memoy. Syndranisatian hereis an thetanination o a anrpldefanily d miadhreads
which ddines a tak in this modd. This is a buk syrdraisatian, whicdh supparts amuniation at a range o
dffeet ganuarities bawen didributed meries if reguired by the indemantation. The nodd thadae prodds
universally applicat eaddtragions fran hardnereto digributed sysars

Baause threads @n aette new families o threads we have a matheniam fa anposng anaurrat anpanats
anauratly,in ade tobuild sysarsthat aregadfied anarratly franthelonet leds upnerds Thisanmpagtian is
dyramc gving the meximum flexikility in theapdiction dorein. SV P do auppatsa srdl but arpdeerange
anarraxy atrds oa this anarrawy tree The antrds are a detrudive kill o a task ddined as a anarrenyy
tree the preemption (squeeze) d a tak ddinad as a anaurray tree and the dality to ddine irfinite families o
threaxds and to dynanicly break ther exewtion.

SV P has bamn fully ddined and redisad as a anyile target language! TC. A amale is bang written far that
language which will eentudly suppat arange o diffeat SV P imdemantations induding hardwere Currently we
@n pareand dg sratic deks o dl o theaddtiod andruds ddinad in ! TC. The anile is basd an the
qansaureframanak, g which has ben adopted and supparted by theHIPEA C newak o exaddlene Findly we
hae dedaoad an erdaion o a diret inpemataion d SV P basdd an the Alpha indrudion st This is an
adhitature dedgomat but asit rediss SV P diratly, it isindudad in thisrgoat. It inpdemats a ssa d proessas
that ean bearfigred into dutersto exentefanilies o threads Theproesrs are paddisad to diretly inparat dl
SV P anapts as indrudians A ful o/éeaairate inpdemantation d dl anaurrenyy antrds hes danondrated that
thee anagats have hardnere redistions which are salable and @n suppartt, in arret tedhndayy, around hdf a
nillion anarret threads pg dip (ueng fletingpdnt garatiany). The wak an a Sysers environmat far
dyramdly ddeggtingtasksto praesa gaupsinthis CMP ardhitetureis proesding



|. Motivation and Background

SVP and ! TC were developed in the AETHER project with support from the EU. The god of this
project is to develop sdf-adaptive, embedded technologies for pervasive computing architectures.
There are two digtinct issues here: the first is self-adaptetion, i.e. the ability of a computing system to
reflect and configure itself dynamically in response to changes in its environment in order to fulfil its
sf-defined mission goals, for example by adapting its behaviour, performance, power budget,
reliability, etc. The second issue is the nature of pervasive computing architectures. What this means
is the dynamic availability of processing resources in the system@® environment, i.e. processors going
on- and off-line a run time. What can be inferred from these high-level goasistha SYPand ! TC
will certainly require the capture of concurrency but more specificaly, this concurrency must be a a
very low level as we are targeting hardware as well as software in the project® solutions to this
problem. Findly, SYP and ! TC will require dynamic control over that concurrency in terms of its
distribution to processing resources and the scheduling of units of work according to data availability.

|.1 Definition of the Problem
There are two sub-problemsthat need to be addressed here:

1. Thedefinition of the abstract machine mode (SVP) that captures and manages concurrency in a
scale-free manner, and

2. The définition of interfaces to a Sysem Eniromat Praess (SEP) to manage the dynamic
dlocation of resources to units of work defined by the SVP, it should be noted that the SEP
concept (and acronym - originaly Someody Else® Pralar) and was first proposed by Panesar [56]
in the European P1085 project that developed the T800 Transputer and distributed architectures
and operating systems based upon it.

This paper concerns the definition of the abstract concurrency model and itsredisationin Cas! TC.

Any abstract machine moded or virtud processor definition must define the semantics and the
operaion of the underlying processor(s). It is made clear in the introduction above that this model
must capture concurrency, while ignoring issues such as scheduling in order to make the model fully
dynamic. This means that the modd must define concurrency, communication and synchronisation
in abstract terms. However, this is not a complete definition of the problem and in order to achieve
sdf-adgptetion a the software level, the modd must dso provide mechanisms for the dynamic
control of concurrently executing programs. This problem is non-trivid and today® operating
sysems only provide control of interleaved concurrent programs, which have no pending
synchronisation state.

The more genera problem of dynamicdly managing a distributed system, where there may be
multiple concurrent outstanding synchronisations is solved by SVP and ! TC. This requires a
mechanism to kill, i.e. destructively terminate, a concurrent program o tha its sate is destroyed
completely but more importantly, it dso requires amechanism to pre-empt a concurrently executing
program, such tha al of the processor resources it uses can be freed up with as little latency as
possible but while maintaining a conssent sate for the preempted program, so that it may
eventudly be restarted on other resources and executed to completion. This latter mechanism is &
the heart of sdf-adaptation both a the software and hardware level. We know of no other work
where such amode has been developed.

There is a trade-off here; on the one hand the program could be terminated immediately while
maintaining its synchronising sae, i.e. any communication event or remote operation that has been
started but has not yet completed. This however, requires a significant amount of stete to be saved
and restored when the concurrent program is rescheduled. By anadogy to existing operating sysems,



thisis equivaent to the operating system cepturing the register sate of an executing program prior to
pre-empting it. With a concurrent program, especidly if it is implemented in hardware, eg. on a
reconfigurable processor architecture, this would mean capturing the state of al registers in the
distributed sysem as wdl the state of any communication between components, such as incomplete
handshakes on asynchronous wires. It is not clear that this would give the best latency for pre-
emption; indeed an answe to this problem is probably undecidable.

What is clear, isthat this solution is complex, indeed arbitrarily so. Discussions within the AETHER
project [57] therefore focussed on a mechanism for squeezing the synchronising state from the
concurrently executing program in order to pre-empt it more efficiently. This solution collgpses the
concurrency, capturing only sufficient information to regenerate the concurrency tree again when the
program is rescheduled. SYP and ! TC are based on prior work on the microthreaded mode [17]-[25]
enhanced with the cgpability to preempt using this concept.

In microthreading, a computation is captured as parameterised families of threads. Squeezing the
synchronising state from such a model requires identifying only the first unexecuted thread, dlowing
dl others to complete and adegpting the parameters of the family to reflect this partition on the
family. This gives a smple and efficient method of pre-empting concurrent programs. It means
wating for any outstanding synchronisaions but not initiating any new ones, then simply restarting
the code again having captured the st of new parameters. In short the program executes and re-
executes as many times as necessary on new resources until the family® parameters are satisfied.

Having agreed on a broad description of concurrency mechanisms, the sub-project proceeded to
define the SVP mode within that overdl framework and to define aredisation of that as extensions
to the C language. The internal SVP definition document has progressed through 5 versions and is
now incorporated into thisdeliverable. Tools are now being developed based on this definition.

|.2. Sate of the Art

|.2.1. Thread moddsin a prooessor@ | SA

Adaptation, if implemented at the hardware level, requires scheduling supported within the machine
modd and this in turn requires the dynamic description and management of concurrency to be
centra to tha model. This rules out approaches where concurrency is compiler scheduled. The SVP
must therefore provide a description of, and instructions to manage, concurrency & run time. To
guide the definition of the virtual processor we have considered a range of thread-based architecture
modds. These include threaded architecture models that have the required dynamic scheduling
charecterigtics implemented a the hardware level, commercid CMP designs based on the thread
modd, reconfigurable architecture models, including one based on software threads and thread-based
languages.

Intrathreads or inthreads are tiny threads running in a superscaler processor, alowing extremely low-
level pardldization of the cod€g[9]. They are amall and low-level with little to no overhead on context
switching and are used primarily to exploit loop-leve pardldism. Thread suspenson and wake-up are
performed on data availability and must be explicitly programmed. This model requires extensionsto
the | SA but compilers can be developed to support legacy code. These threads are used to pardlelize
asingle OS context.

The QuperThreaded architecture[10]-[13] also exploits thread-level paralelism with multiple threads
of control. A SuperThreaded processor comprises a number of processng eements connected to
each other in aring. Each dement is able to execute a single thread and has its own register file,
ingruction cache and functiond units. There is dso a shared-register file and al processing elements
share the level-1 daa cache. The SuperThreaded architecture extends an ISA with a number of
ingructions used for managing threads (creation, termination, etc.). Execution of a program sarts



from its entry thread, which can then spawn GuccessorOthreads using the GorkOinstruction. Like
Intrathreads, this uses threads a alow leve to exploit LLP with limited speedup and no scdability,
using extensions to the | SA. However, neither model supports contextudisation or hierarchy, which
is required to cgpture maximal concurrency and give composition of concurrent programs.

The WELD architecture modd is somewhat different [14]-[15] and introduces multi-threading in
VLIW processors as a means to provide a compiler with more concurrency options, so tha it cen
schedule instructions more efficiently. In particular every scheduling region in this model is a
potential thread from which the compiler can use in order to fill the empty issue dots of a VLIW
MultiOp (which otherwise would be Noops) and thus achieve higher resource utilization and
performance. Threads in this model are generated from a single, high-level context. Thread creation
and synchronizetion is done by the compiler, which means tha the moded adds extensons to abase
| SA for that purpose. Threadsin this model are mainly used to speculatively execute different control
peaths and threads are interleaved or can be executed concurrently on a single pipeline (this happens
by filling dots of a VLIW MultiOp from different threads if there are any empty dots) however,
threads are speculative and there are significant problems with scaling in this modé.

Microthreading is a thread modd developed by the University of Amsterdam, one of the AETHER
patners. This sarted as a modd similar to those described above, i.e. as a low-level thread model
suitable for hardware assist and the origina paper on this work was published in 1996 [17]. However,
subsequent research showed the limitations of such a modd and it was generdised in later
publications to provide contextudisation of threads and the | SA instructions support the creation of
families of related threads, which could be executed concurrently on multiple processors and which
exposed locdlity issues to the compiler[18]-[20]. A keynote by prof. Jesshope showed the advantages
and potentid disruption caused by such arevolutionary modd[21]. These additions done make this
modd a better candidate for the support of dynamic configuration through self-adaptation, however
there are dso publications on the scalability of performance and implementation of this modd[22]-
[25].

Even this modd was till not suitable to support sdf-adaptaion in the AETHER project, the
concurrency expressed in al the above publications is of a single-level and even though the family
may be potentidly infinite, it fals to cgpture the many different levels of concurrency found in
goplications, namely a the task levd, loop levd and instruction level. Microthreading, as it existed
prior to the gart of the AETHER project captured loop-level pardlelism with some ad-hoc solutions
to cepture indruction-level pardlelism. What was required was a more genera extenson to this
modd tha gpplies compostion of concurrency to capture al levels of pardlelism is a system.
Another limitation of this modd was the lack of any sdf-awareness. It had mechanisms to define
concurrency dynamicaly but did not provide any mechanisms for reflection. As will be seen in this
paper, both limitations have been addressed in the definition of the SVP.

|.2.2. Commerdal threaded architecture modds

A number of CMPs have been developed with threaded architecture models. For example, Sun®
Niagara chip multiprocessor[40] supports up to 32 threads of execution, which it organizes into
groups of four that share the same pipdine referred as the Sparc Pipe. This architecture supports
speculative thread execution, where sections of the code, such as loops and procedure cals are
executed speculatively and ether contribute to the more rapid execution of the program, or are
guashed. In thisthread model, each thread has aunique set of registers, instruction and store buffers,
so0 there is support for contextudisation, abeit limited to four threads per processor.

IBM® Céll Broadband Engine processor[41]-[44] is a multi-core chip comprised of a 64-bit Power
Architecture processor core and eight synergistic processor cores. These cores, the threed proesrs are
capable of massive floating-point processing performance and are optimized for compute-intensive
workloads and broadband rich media gpplications. A high-speed memory controller and high-



bandwidth bus interface are aso integrated on chip. The multi-core architecture has a high-speed
communications network that is a dotted ring. Four dots are avalable two in each the clockwise and
counterclockwise direction. The Cell processor architecture is OS neutra and supports multiple
operaing sysems smultaneoudy. Currently the thread modd is software based and each core
supports only one thread of execution. The thread mode can be programmed in a range of
programming paradigms and the threads are distributed one per processor and execute concurrently
on the eight processors. There is no context switching between threads and threads are effectively
placeholders for computation and necessarily satic in nature. Neither this nor the Niagara provide
any red support for the gods of the AETHER project.

|.2.3. Reoonfigurable A rchitecture modds

A number of reconfigurable architecture models have been addressed by the literature with some
relevance to the SVP definition. Mogt are partitioned conventiona cpu/ accelerator approaches.
ADREJ26][27] is an architecture combining tightly coupled VLIW processors and coarse-grained
reconfigurable arrays. The coarse-grained reconfigurable aray is intended to execute only
computationaly intensive kernds of applications usng a host processor, typicaly a RISC processor
that executes the remaining parts of the application. By using VLIW ingead of a RISC, limited
pardleliam available in the parts of the code that cannot be mapped to the reconfigurable part can be
exploited.

MorphoSyq28]-[30] is a reconfigurable architecture for computation intensive gpplicaions that
combines both coarse-grain and fine-grain reconfiguration techniques to optimize hardware, based
on the application domain. M2, the current implementation, is developed as an IP core. The
aoproach uses both software and hardware components and the latter are targeted to a data-parallel
modd of computation.

All of these are low-level paradigms that do not directly support the AETHER goals of df-
adaptivity. The hThreads architecture[34]-[38] is more interesting. This is aso a hybrid cpw/ FPGA
architecture but it dlowsboth software threads and hardware threads to be defined in the same code
and provides support in the model to overlgp the execution of both, which is atypica in such modds.
The modd provides athread manager, a scheduler and hardware support for mutex management and
conditional variables. This programming model is compatible with POS X threads and makes it easy
for new developers to develop applications for hThreads. However, this thread mode does not have
the advantages of the microthreaded one.

The XPP[39] is a runtimereconfigureble data processing architecture that has many of the
characterigtics required for self-adaptivity. It is based on ahierarchical array of coarse-grain, adgptive
computing elements, and a packet-oriented communiceation network. The strength of the XPP
technology originates from the combination of array processing with unique and poweful run-time
reconfiguration mechanisms. Parts of the aray can be configured rapidly in pardlel while
neighboring computing elements are processing deta. Reconfiguration is triggered externdly or even
by specid event signds originaing within the array, enabling salf-reconfiguring designs. However,
while the XPP architecture is designed to support different types of pardldism, it has no consistent
programming mode!.

|.2.4. Threaded language modds

Flit C is a language model is based on the C programming language [45] developed a Berkeey
Universty, (see http:/ / www.eecs.berkeley.edu/ Research/ Projects CY pardld/ castlel split-¢/ ). It is
a parallel extenson of C tha supports access to a globa address space on distributed memory
multiprocessors. The programmer specifies concurrency in the code using new keywords. The
compiler is based on gec and it captures certain useful ements of shared memory, message passing
and data paralel programming to provide efficient access to the underlying machine. It differs form




previous shared memory languages by providing a rich st of synchronisations on memory. It
supports thread creation but has no notion of mgpping threads to hardware. There is dso a barrier
congruct tha controlstermination of related families of threads.

OpenMP [46] is the most popular non-message passing concurrency modd. It is an open-source
project that is targets shared-memory multiprocessors (see http:/ / www.openmp.org/ ). Unlike split
C, OpenMP uses pragmas to annotate identify concurrency and synchronisation in the code (either
C, C++ or FORTRAN). Itsrequires a combination of compiler directives (the pragmas), associated
library routines, and environment variables, which specify shared-memory pardldism in programs.

UPCI47] is another extension to C developed a George Washington University and Berkeley
Cdifornia, (see http:/ / upc.lbl.gov/ for the language and http:/ / www.intrepid.com/ for an example
compiler). UPC uses a combination of keywords and pragmas to specify concurrency in C code. The
compiler is based on Open 64 and gcc. UPC is adescendant of the Split-C language and extends the
C programming language, 1S0 C99, for high-performance computing on large-scae pardld
machines. The language provides a uniform programming modd for both shared and distributed
memory hardware.




1. The Abstract Model SAN E Virtual Processor BSVP

1.1 An introduction to the SAN E virtual processor - SVP

This section defines the abstract SANE virtuad processor modd that supports and enables the
AETHER project® goals. Section 11.2 gives an informal semantics of the model and the following
section, Section 11.3 describes a more detailed redisation of it, based on introducing the abstract
concurrency controls defined in the model definition into the C language. Other redisations, both
more abstract and more concrete, are possible.

SVP is a modd of concurrent computation. It deals with the compostion and management of
dynamicdly creaed concurrent programs. One of the key goals is to have a model tha can be
concurrently and safely composed. This means programs must be free of deadlock by design and
dlow safe composition, so that given two or more SVP programs, those programs can be composed
into a third SVYP program and the reaulting program will be wdl behaved, i.e. deadlock free and
deterministic if the two programs were composed determinigtically. Determinism means that the
program should aways give the same result, a key property of the sequentid paradigm. This is
illugrated in Figure 1. Here two programs A and B are concurrently composed into athird, A| | B,
where the nodes in the tree represent threads (leaf nodes typicaly perform computation) and where
branching at nodes represent concurrent subordinate threads.

Program A Program B Program A||B

TN AN
A A

May have dependencies but only
between nodes at one level

Figure 1Composition of concurrent programs

Computetion in SVP is captured and communicated as a packet of information, which identifies a
pae somewhere either locdly or remotdy where the concurrent program will execute. The
communication, if required, comprises data, ngackta (e.g. mission goals) and some definition of its
fundiandity. This packet defines a unit of work, which is an invocaion from a thread of dl its
subordinate threads a a place chosen for itsexecution. Thisisillustrated in Figure 2.

In this model, self-adaptation is achieved using one of two different mechanisms. The first
mechanism is ddegtion, where the place is defined remotely and it is analogous to aremote procedure
cdl (RPC). The unit of work is communicated to the new computing resources for execution. To
achieve this, protocols must be defined in an implementation to define the place, i.e. renreedlaztion,
as wdl as to implement the delegation. Depending on implementation the protocols may be in
hardware or software or a combination of both. It should be noted that a place is an abstract
concept, which may be a processor or group of processors, some FPGA cdls, etc. The concept is
aso overloaded to include a service at tha place and to achieve security in the system. Thus a place
represents the union of the following concepts and is avery powerful abstraction:



Anaddresfa anmmuniction ddiningthephysa plaein an inplaretation (may belod);
A @pdlity to exeatetheunit d wak at thet pae
A snieproidad a that plae which may indarat mutua exdusan if required eg resorcedloction.

* Family of threads
— All threads at one IM
» Unit of work > QO
— asub-tree
subordinate threads rry
— may be considered as a

Job M
* Place M
K

— processor(s) where a unit
of work is sent execute

Figure 2 Terminology used in the SVP model

The second mechanism for implementing self-adaptetion in the modd is the notion of presption and
teminatian of a concurrent program. This dlows a place where a program is executing to be retracted
and in the case of preemption, dlowsthe program to continue executing a another place.

It isclear that processors, clusters of processors, SANE processors even groups of dumb FPGA cdlls
can dl be considered to be defined by this abstraction of aplace.

To be more specific, in SVP, the unit of work is represented as a prandeisad famly o threads that has
collective properties defining its computation and mission goals. These gods will be the triggers for
adaptetion in response to the environment in which it is executed. Because these threads will be
required to capture simple hardware semantics, the thread in this modd is blocking, which means
that it will only proceed, provided that its operations have datato consume. This dataflow model has
been adopted as an important concept in SP1. This choice of thread will dlow low-level
implementations, in configurable logic, of the leaf threads in the anaurraxy tree (see Figure 1 and
Figure 2). These are typicdly the computationdly intensive threads. However, in order to provide a
scae-free modd, the notion of athread isinvariant throughout the hierarchy in the concurrency tree.

Many low-level thread models have been identified in Section 1.2.1 but the model we have adopted
here is based on microthreads, which were first proposed ten years ago [17] and which have evolved
and are known to have efficient implementations that support threads as smdl as a single arithmetic
operaion in conventiona processors. In this model, families of threads are created dynamicdly,
assigned some computationa resources, perform some work and then return some reaults. It is this
grouping of computation into parameterised families of threads tha distinguish it from dl other
thread-based models of computation and which define and enable the mechanisms for sdf-
adaptation.

A family® functionality is specified by an ordered set of identical concurrent threads, where each
thread has knowledge of an index vdue defining its position within that order. Using thisindex vaue,
it is possible to define concurrent units of work tha are dynamic in extent and homogeneous, as wdl
as dtatic in extent and heterogeneous (a combination of the two may also be defined). Heterogeneity
is provided in the latter case by branching on athread®index vaue.

A thread® definition aso specifies the data inputs and outputs of the family, and family termination
defines a synchronisation point with respect to the family® outputs. Within a family, threads may



communicate and synchronise with each other on scdar items of daa, alowing the family to
encapsulate regularity and locality. Good andogies to the family can found in the sequential or von-
Neumann model of computation, i.e. families are analagous to loops and function cals, which
capture the regularity and locdity in that model. The modé in [17] has been extended in this project
to dlow hierarchy, i.e. to alow threads to create further families of threads and to provide the
concurrency controls defining preemption and forced termination of families.

The protocol for the creation of afamily in the most generd casg, i.e. the communication between a
thread and a place required to execute the family the thread creates proceeds as follows (see dso
Figure 3):

1

the thread acquires a place to execute from the resource manager, a part of the system
environment (this step is optiond, asit may use existing resources);

if necessary, the thread copies the family® inputs to the resources memory if it is distributed
or ensuresits consisency if shared;

the thread then defines the family by identifying its code, parameters, meta data and even
abstract mission goals. It then continues until it has to synchronise on the results from the
family it created;

in the meantime the place creates the ordered set of threads, subject to resource constraints,
where each thread has a context of synchronisng memory and where each thread may
communicate and synchronise with its neighbour in create order;

finaly when the family completes it copies the results back to the creating thread® memory
if distributed or ensures consisency if shared. It then notifies the creating thread of the
completion of the unit of work;

the creating thread may then use the results, perhgps relinquishing the additiona resources it
may have acquired by afurther communicetion with the resource manager.
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Figure 3 Diagram illustrating the communication required when one thread acquires resources and

delegates the creation of a family to those resources.



[1.2. Informal Semantics of the SAN E Virtual processor - SVP

This section gives an informa semantics of the model by defining operations on the state of the
SVP. It should be emphasised that it is only the operations managing concurrency, communicetion
and synchronisation, which require specific definition, al arithmetic and logicd operaions within the
modd have the same semantics tha they would have in a sequentid model for a given daa
representation. There is only one addition to their semantics and that involves synchronization. All
operations must syncronise on their operands and a thread stals until an operation® operands have
been defined. Thisisimportant in aconcurrently executing model as operands may come from other
threads or daa may be digributed. If the data is not avalable, then the thread performing tha
operaion will block and no subsequent operations will proceed until the prior operaion has
obtained its data and has completed. Note that the SVP refersto a collection of memories defining
its stae and the processing agents that modify its state.

11.2.1. The state of a SANE prooessor

The gae of a SANE processor a any given instance in time is defined by two abgtractions, the first
and mogt persistent is an agndranous shared mamay, which comprises anumber of addressed locations,
each of which may be read and written to by a thread but subject to certain congraints. These
congraints are imposed by the weskly-consstent nature of this memory, due to its asynchronous
nature and concurrent update by multiple threads. No guarantees can be given about the access time
to this memory. The second abstraction is a context of snaaisngmenory associated with each thread
in a family, which provides synchronisation of scdar values between threads in the family and
between athread and any input datafrom the shared memory.

[11.1L1a Shared memory

As described in the introduction, the model is based on units of work, which comprise families of
threads. A family has inputs and outputs defined by the thread body used to create it, these inputs
and outputs are the locations in shared memory that the thread reads and writes. This ate is
completely defined a the termination of a unit of work. At any other time, because we are dedling
with a potentialy asynchronous concurrent system, there will dways be a subset of those locations
whose state cannot be determined. The wesk memory consistency is managed with bulk
synchronisation on shared memory a the termination of a family of threads. Vaues written by
threads in afamily are only guaranteed to be wdl at this point. Thus outputs from the family are only
defined when the family has completed, i.e. when al of its threads have terminated. The locations
that cannot be fully defined a any time are determined by the writes to memory made by those
families tha have been created and which have not yet completed.

Note tha this abstraction of shared memory may be implemented in any manner including using
distributed memories and message passing between them. In the latter case, before a family of
threads is created a a place, a synchronising communication must provide the place with the data
that the family will read as input and before the family can be deemed to have synchronised, al of its
output must be returned. Figure 3 showed a digtributed view of family creation, Figure 4 gives the
corresponding shared-memory view.
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Figure 4 Shared-memory view of creating threads in the model.

I11.11b. Synchronising memory

Synchronising memory provides the mechanism by which threads within a family can synchronise
with each other and their creating thread. It aso provides the mechanism by which the shared
memory and processng agents can synchronise, remember that no assumptions can be made about
the accesstimes to shared memory.

The concept of synchronising memory is dynamic and transient. An implementation must provide
semantics equivalent to threads being alocated a context of locd scalar variables, which are discarded
when a thread completes. It is assumed tha in an implementation this memory is fadt, distributed
and Q@loseO to the processor or logic cells implementing the thread. Threads may dso be
sequentidised on their index order if this memory is limited. So, during the execution of a family,
there may only be a subset of the family® threads active and contributing to this synchronising state.
Thread creation must be in index order and the amount of synchronisng memory defines the extent
of concurrency at that place.

All arithmetic and logica operations in SVP are performed between vaues stored in synchronising
memory and vaues in shared memory ae tranderred to synchronising memory prior to the
execution of these operations. Each location provides a blocking read or dataflow-like
gynchronisation. Dependencies between operations in different threads are enforced by this
synchronisng memory, as are synchronisations on loads from shared memory. A condraint is
imposed on the dependencies that can be defined between threads in afamily, which arises from the
combined requirements of locality and deadlock freedom. A thread may only have a dependency on
values produced by its predecessor in the family® index sequence. This ensures that dependencies
between operations in a family of threads can be represented as an acyclic graph, which in turn
ensures freedom from communication deadlock in the model.

These acyclic dependency graphs are initidised and synchronised with scadar variables from the
cregting thread® context, and dependent values generated by the last thread are avalable to the
creating thread on the family termination, via the same location or locaions that initidised the
dependency graph. It is not possible to synchronise between threads in two families except in
initidisng adependency chain, i.e. between the creating thread and the family it creates.

11.2.2. A family of threads

A family of threads is an ordered set of identicd threads, where each thread has knowledge of its
own index vaue in the index sequence. This knowledge dlows both homogeneous and



heterogeneous families to be defined on the same thread, as the index value may be used in
controlling the staticdly defined action of athread. This therefore supports the following modds of
concurrency:

¥ hdagameus whaetheadead & o threadsissaticaly ddinet
¥  horogeus whaetheadared st o threads may beddined dynamicly; a
¥ aarbinaiond bah in adgngefamily.

Theindex vadues over the ordered sat of threads are defined by an arithmetic sequence specified by a
gart index, a congtant difference between successive index vaues and an optiona maximum index
vaue.

A family may be conddered to be atask or job tha is executed at a place and reads and writes to
shared memory. These processor, processors or cdls that represent the place at which the family is
executed are identified by a specific property associated with the family® definition. Another
property associated with the family will defineits functiondity, i.e. what the thread does. This may be
defined as an FPGA bit gtring, code compiled for a particular | SA, source code or even an abstract
description of its behaviour, where this can be used to define or program one of the processng
agents that comprise the place. There will be other properties or metadata associated with afamily of
threads, which may define its goads in terms of performance, powe budgets, rdigbility etc. All
properties, including its functionaity may be dynamically defined, i.e. written by the thread creating
it. How dynamic the mode is will depend on the implementation.

When a family of threads is created, a unique vaue is associaed with tha family that is used to
identify and manage it. Tha vaue includes a capability, which can be used to authenticate any action
another thread may impose upon the identified family, thus security is implemented at the lowest
level of the sysem. The actions that are permitted on a family by the cgpability are forced
terminaion and aform of preemption, called squezzingthe family.

11.2.3. A thread

A thread is a sequence of operations (including reading and writing shared memory) defined on a
collection of locd scaar variables, which are its context in synchronising memory and which become
available when it is created and which are discarded when it is complete. Dependencies between
threads in the same family must be defined on this context. The unique index vaue identifying a
thread isdso defined as a part of this context and may be used in defining its functionality. A thread
executes its operations only when vaues are defined in its context of synchronisng memory. A
thread may create subordinate families of threads but cannot terminate without first obtaining a
synchronisation on the termination of the subordinate family.

11.2.4. Synchronising a family of threads

A synchronisation on afamily of threadsis the event defined by the termination of al threads within
the family. Threads complete, either by exhausting their operations or through the execution of one
of a number of sgnds sent to their family. On synchronisation of a family, al of its dynamic
synchronising sateislost and dl of the shared memory state that it has modified becomes defined. A
synchronisation yields a return code and a return value to the creating thread. The return code
identifies wha signd, if any, caused termination and the return vaue is st when bresking the
execution of afamily or when squeezing afamily.

11.2.5. Breaking the execution of a family of threads

Any thread may execute a bresk signal to its family. The result for a family receiving this signa isto
cease the creation of any new threads, terminate dl currently active threads and to discard al of the



synchronising stae for the family. A return vaue is set by the thread executing the break signd
(which may require arbitration) and the return code identifies that the family was terminated with a
break signal. Both the return code and the return vaue are available a the synchronisation of the
family in the creating thread. This concept is an important one, as it dlows for the creation of an
OnfiniteOnumber of threads in a family, which is terminated when some dynamic condition is met.
This congruct then, is andogous to dynamicdly terminated loops in the sequential machine mode,
e.g. while loops.

11.2.6. Killing a family of threads

Any thread tha can identify a family and the place where it is executing and can provide the
capability generaed on its creation, may send a kill signd to that family and force its termination.
Higher-level protocols for implementing this signa, i.e. not & the hardware level, may provide
further redtrictions on the capability to issue this signd for the security of the modd; this is not
considered further in this report. The result for afamily receiving this signd is to cease the creaion
of new threads, terminate all currently active threads and to discard al of the synchronising state for
the family. In addition, the family will send a kill signa to any child families created by its threads
resulting in the termination of al families defined below the killed family in the concurrency tree. No
return vaue is set but a default value can be specified and the return code identifies tha the family
has been terminated with a kill signal. Both the return code and the return vaue are available & the
synchronisation of the family in the creating thread.

11.2.7. Squezing a family of threads

Any thread tha can identify a family and the place where it is executing and can provide the
capability generated on its creation, may send a squeeze signd to that family and force its
termination, while maintaining al of the family®@ state. This is aform of preemption of the unit of
work that the family represents and it alows the family to be restarted by re-creating it using the sate
captured when it was squeezed. Higher-level protocols for implementing this signdl, i.e. not a the
hardware level, may provide further restrictions on the capability to issue this signa for the security
of the modéd; thisis not considered further in this report. The result for afamily receiving this signa
is to cease the creation of new threads, dlow dl currently active threads to complete normaly and
then to discard dl of the synchronisng memory for that family. In addition, the family will send a
squeeze signal to any child families created by its threads but only if the thread is labdled as being
squeezable. This will result in the termination of families defined below the squeezed family in the
concurrency tree but only to auser-defined level.

The return vdue st on a
squeeze signal depends on

whether the thread is 1. threads 2. threads 3. threads not
squeezable i.e wheher it terminated allocated allocated
o normally contexts contexts

passes the squeeze signd onto
its subordinate threads. If the
thread is squeezable, this is Thread index
defined as the index of the sequence
first threed in index equence squeeze return value: first

to have been dlocaed a thread allocated that did

context of wnchronsing not terminate normally

memory but which has not yet

terminated normadly. This Figure 5 The return value of a squeeze operation on a squeezable
index partitions the family thread.

into threads that have

completed and threads that



must be re-executed, some of which will have been partiadly executed and some may even have
completed. A sgueezable thread will update the index vaues of its subordinate family efter
propagating the squeeze signal to them so tha when re-executed the program remains deterministic.

Figure 5 illugstrates three partitions defined on a family on receiving a squeeze signa. The firg,
identifies those threads that have all completed, these are not re-executed. The second, those threads
that have been dlocated contexts and which may dready have completed, these are dlowed to
complete, if necessary by squeezing their subordinate families, but they will al be re-executed when
the family is re-created; this partition is identified by at least one thread (the first) that has not yet
completed. Findly, there are those threads in the family not yet alocated a context of synchronsing
memory, which will of course need re-execution when the family is re-created. Both a return code
that indicates the family was squeezed and a return value, which is the index of the firg thread
dlocated tha did not terminate normaly, are available a the synchronisation for the family for a
squeezable thread. This code is used to adjust the thread®control structure for re-cregtion.

If the family is not squeezable, i.e. will not pass the squeeze signd onto a subordinate family, then all
threads in the middle partition will eventudly terminate normaly and the return vaue can be st to
the index of the firg thread not to have been dlocated a context of synchronsing memory. Thus the
only threads that need to be re-executed in a non-sgueezable (computationd) threads are those that
have not been dlocated their context.

On synchronisation, the value of any dependency a the squeeze return index is saved to the variable
that initialised the dependency chain in the creating thread, again dlowing the family to be re-created
from the squeeze index position to complete it.

Sgueezing afamily of threads alows the task defined by that family to be preempted and restarted at
a different place. By using the concept of a squeezable thread a disciplined gpproach to the rapid
preemption of aconcurrently executing program can be provided in the SANE model. This notion is
a the heart of the modd and provides one of the most important features for implementing sdlf-
adaptivity.

[1.3. ! TC aRealisation of the SAN E Virtual Processor

11.3.1. What is a realisation of the SV P?

A redisation of the SVP modd is a definition of it a some levd of abstraction to support the
creation of tools to implement it. It is not necessarily an implementation of the mode per se
dthough it may be more concrete in its definition. For example, this report defines a realisation of
SVP based on the addition of a set of concurrency controls supporting the above model to the C
language. Microthreaded microprocessors, [17]-[25] are another redisation, defined a a processor®
| SA levd. The language defined here, we have cdled microthreaded C or ! TC for short. It has been
specified for the purpose of further defining the modd by experimentation and exploration, and to
act as acompiler target for the work being undertaken in SP 2, SP 3, and possibly in SP 1.

I TC is amilar to other concurrent languages based on C, such as OpenMP for C [46], UPC [47] and
others described in Section 1.24. However, no other language tha we know of implements
concurrency in such a dynamic manner using the concept of identified families of threads with
preemption.

Numerous meetings and exchanges of ideas have occurred between SP 2 and SP 3 in order to ensure
that this model and its redisation support the concepts for sdf-adaptive software development being
defined in SP 3 and the goal isto use ! TC as the compiler target for both conventiona languages,
such as C, in which basic dgorithms may be defined, as wdl as for the coordination language Shet,
being developed in SP 3, which supports the project® gods of self-adaptation a the software level.
I TC is dso arelatively high-level description of a computation ceptured in the SVP modd, which



can be used by compilers or synthessers in implementing that computation on reconfigurable
devices. Thus, ! TC is a target for two or more conceptudly different languages and compilation
from ! TC can be targeted to conventiona processors, embedded processor in FPGAS, arrays of
reconfigurable microthreaded processorg48] or to logic for the SP 1 FPGA platform.

Both SVP and ! TC are based on the concepts developed in UVA® prior work on microthreaded
microprocessors and in that work it has been shown that structuresto efficiently manage families of
threads are modest and scalable [25]. That work can therefore provide a guide to the efficient
implementation of schedulers and synchronisers in other hardware implementations of the SVP
model.

11.3.2. Additional construas and conogptsin! TC

The additions to C that define ! TC and capture the SVP abgraction are defined in this section.
These condructs are dl based on the concepts described in Section 1.2, i.e. being able to dynamicaly
create and identify a unit of work that is a parameterised family of threads. The basic type tha
supports this concept is the family identifier, which is new type added to the C language. An
implementation of ! TC will encode this to identify family, location and capability, the latter being a
random number generated on family creation. The constructs defined below dlow the creation and
termination of identified families of threads, which may be defined in a hierarchicaly. The
concurrency cgptured at any stage in the execution of the program is then defined by the tree of
families with the original job or task at itsroot.

I TC adds the following keywords to standard C. An informa syntax and semantics of each is
congruct is given in the following sections. The new keywords are:

create Congtruct used to create afamily of concurrent microthreads;
t hr ead Type qudlifier identifying functions as threads;

squeezabl e Function qudifier identifying threads that propagate a squeeze signa to subordinate
families;

shared Type qudifier for variables of atype that will be shared between microthreads;

i ndex Type specifier for variables that will represent the index vadue of athread;

sync Consgtruct used to identify the termination of a specified family;

br eak Congtruct used to terminate the execution of afamily from one of itsthreads;

squeeze Congruct used to preempt the execution of a specified family so that it may be
resarted without loss of state;

Kill Congtruct used to terminate a specific family with aprejudice;

famly Type specifier used to specify a variable tha identifies a family of threads, n.b. no

operaions are defined on thistype;

pl ace Type specifier used to specify avariable that identifies a place a which to execute a
family of threads, n.b. no operaions are defined on thistype.

11.3.3. Memory and synchronisationin ! TC

I'TC supports two kinds of memory (analogous to registers and main memory in the sequentid
mechine model). They are cdled the synchronising memory, which holds the threadsOscaar
contexts and shared memory.

Shared memory supports bulk synchronisation between families of threads and provides the



permanent stae of a computation. Logically it is accessed by a common address space, athough in
practice this may not be the case. No assumptions are made about the implementation and speed of
this memory and the only synchronisation defined on it is on termination of a family of threads,
where dl locations in the memory updated by that family must be wdl defined. Note that it is
possible to write non-determinigtic ! TC program tha would define the contents of a location in
shared memory as a sat of values. However, simple rules can be identified for writing deterministic
programs, e.g..

1. notwo distinct threads within the same family or in two families executing concurrently may
write to and read from the same location in shared memory;

2. no two distinct threads within the same family or in two families executing concurrently may
write to the same location in shared memory.

Synchronising memory supports communication and synchronisation between the threads in afamily
and between the processor executing that thread and shared memory. Restrictions are imposed on
possible communications to reflect and expose locdity in communication to the compiler as well as
ensure freedom of deadlock in communication. The types of inter-thread communication supported
ae

globals to a thread - a ub-set of the scdar synchronising context of the creating thread is made
available in read-only form to every thread in the family as a part of its scdar synchronising context.
In general, the read-only property will need to be enforced by the compiler.

dependency chains between threads in a family - a dependency chain has one scalar variable
identified asshar ed in the context of each thread in afamily that can be written by that thread and
which is available in read-only form to the subsequent thread in index sequence. Again, the compiler
must enforce this read-only property. Multiple dependency chains can be defined by usng multiple
shar ed variables in a thread. A dependency chain is initidised and synchronised with a scalar
vaiable written in the creating thread. This synchronisation is independent of the cr eat e event
for the family and may occur prior to or subsequent to the cr eat e. Perhgps counter intuitively, the
same variable in the creating context will be updated with the output of the dependency chain
(without synchronisation). The initialising variable is updated with the vdue written by the last thread
in index sequence on the sy nc event for that family (i.e. on both normd or squeezed termination)

Synchronising memory implements a blocking read or a dataflow synchronisation and if a thread is
defined as a sequence of operations, the execution of athread will not proceed beyond an operaion
that atempts to read an operand from synchronising memory that has not yet been defined.
Synchronising memory with its restrictions provides dlows distribution of register files or buffers
between processors or cellsin an implementation of SVP.

11.3.4. Creating families of threads

cr eat e defines atask as anamed family of threads defined over an index variable. The threads are
specified either by a compound statement or using anamed thread. cr eat e returns aunique family
identifier, family, to identify and control it. cr eat e is acontrol flow satement that may occur at
any such position in the code (e.g. wherefo r or i f would be alowed). cr eat e hasthe following
parts (which may be extended in an implementation with any amount of metadata):

create(famly; place; start; limt; step; block; tinmer)
<t hread> | <conpound st at ement >;

family this part identifies a varieble name of type f amil y in the creating context for the
family@ identifier, which uniquely identifies the created family. This variable is used to
identify the family® synchronisation and may be communicated to a controlling thread



for adaptation;
place this part defines the place at which athe family will execute (default: sysem defined).

start this part defines the start of the index sequence for the family of microthreads, the
expression is evauated when the cr eat e isexecuted (default: 0).

limit this part defines the limit of the index sequence for the family of microthreads, the
expression is evauated when the cr eat e isexecuted (default: maxint).

step this part defines the step between index vaues, the expression is evduated when the
cr eat e isexecuted (default: 1).

block this part defines an upper bound for the maximum number of threads dlocaed to a
processor a any time, the expression is evaluated when the create is executed (default:
system defined).

timer this part defines aclock and restricts thread dlocation to a most block threads per tick
of this clock (default: threads are created as resources become available, subject to the
congraintsimposed by block).

Any of these parts may be omitted with the exception of family and an gppropriate default will be
assumed.

The cr eat e condruct evauates its parameters and creates threads in block-index order (defined
bdow) and dynamicaly alocates a context of synchronisng memory to each thread it creates. The
three index expressons (start, limit and step) define the index sequence over which threads are
created and a unique value from this sequence is available to each thread in one of the locations of its
context of synchronising memory. All other locations in its context of synchronising memory are
initidised to empty (i.e. they block any operation that attemptsto read them before they are written).

creat e can digribute threads to a number of processors with a determinigtic distribution of
threads to processors allowing the create process to execute largely independently on each of those
processors, the only coordination required is in the digtribution of the parameters for the family and
in managing the various forms of terminaion. If the family is digributed to p processors, block-
index order is defined as follows: the firs block threads in index sequence are dlocated to the first
processor and 0 on, o that p *block indices are creaed in one round of allocation over the p
processors. The use of block supports the creation of infinitely many threadsin afamily, asthey can
then be created and managed in alocation rounds. This concept of block dlocation is similar to k-
bounded loops [49] in dataflow, i.e. it provides an artificid dependency, limiting the use of resources
and providing management over concurrency to avoid resource deadlock.

Two examples that cr eat e exactly the same family of threads are given below (see aso the
definition of t hr ead in Section I1.3.5and shar ed in Section 11.4.1 below):



[11.11c. create using acompound statement

voi d thread sumarray(shared int s; int *a, n){
famly fid; int s_in=0
create(fid;; 0; n-1){
i ndex i;
shared int s=s_in;
s =s + a[i];

}
sync(fid)
/*s_in receives s witten by the last thread when sync conpl et es*/

}

[11.11d. create using anamed thread

voi d thread suma(shared int sum int *array){
i ndex idx;
sum = sum + array[idx];

}

voi d thread summarray(shared int s; int *a, n){
famly fid; int s_in=0
create(fid;; 0; n-1) sunmint(s_in, *a);
sync(fid)
/*s_in receives sumwitten by the |ast thread when sync conpl et es*/

}

When using a named-thread (like a function) the shar ed variable must be exposed to the creating
thread for initidisation viathe list of formal parameters. Using a compound statement, the share d
variable chain is initidised in the thread-block®@ declarations using a varigble from the creating
thread® context. Note that in ashar ed variable dependency chain, initidisation occurs only in the
first thread in index sequence!

11.3.5. Named threads

<break type> thread <name> (<argunent list>){...}

In I TCA 4l functions are defined as threads and a named thread is specified like a C function but
usingthet hr ead specifier (not strictly necessary). It usesalist of argumentsin the norma way and
can be separately compiled and described by including a header. Named threads can be referenced in
acr eate congruct with amatching parameter list supplied from the creating thread® context.

There are some differences between afunction and athread. Firstly, whereas afunction has areturn
type, athread family cannot make a return. Instead, a thread may provide a scalar value on bre ak
and the type of this vaue is specified in the same manner as a function® return vaue. In many
circumstances a thread will not execute abreak and avoi d type must be specified. Thus threads
may return a vaue by writing to shared memory, writing to a shar ed varidble (the vaue is
provided by the last thread in afamily in this case) and finaly by terminating a family with a break
from any of its threads (but just one). A squeeze on the family dso returns a vaue but thisis
adways of typei nt . For br eak and squeeze, the vaue is made available to the creating thread
viathe sy nc construct, which dso providesinformation on the termination condition.

Asdl functionsin ! TC are threads, athread may not contain a call to afunction but may cr eat e



further families of threads, which are the concurrent equivadent of making function cadls. Parameters
are passed using synchronised shar ed variables or globals (see Section 11.4) and the calling thread
is free to continue executing until a sync on the family is required. C programs can not be
completely trandated from functions to threads in this way.

Here is an example of the use of athread to sum an array vaues greater than some threshold, this
example identifies different types of variables and highlights a potentia problem with the semantics
of using shared variables:

voi d thread sum nt(shared int sum int threshold, *array){
i ndex idx;
if (array[idx] > threshold) sum = sum + array[i dx]
el se sum = sum

voi d thread main(){
int *a, s =0, n =10, w=5;
famly fid;

create(fid;; 0; n-1) sunmnt(s, w, *a);

sync(fid);

R P

}
Thisthread sums the vaues of array abut only where gi] is greater than w. The argument list to the
thread defines the globd variables used in the thread (common to dl threads), as wdl as any shared
locd variables. Both scaar vaues and pointers to an array are passed as parameters in this example.
The scalar vaue, w, is made available to each thread for read only use via the parameter threhdd
Note that shared-memory, array variables must be indexed in each thread to provide a unique locd
vaue in shared memory for each thread to update. Findly notethat the shar ed variable sum mugt
be assigned to in each thread in order for the family to terminate normally. The conditiona staement
in this thread must therefore provide an assignment to sum in both control paths, otherwise a
successor thread may block waiting for an assignment that never happens.

11.3.6. Plaoss

An implementation of ! TC will need to define a mechanism for resource dlocation and the dynamic
concurrency must be bound in some way to those resources. It is assumed tha dynamic resource
dlocation is implemented using a sysem thread that returns a vaue of type pl ace. This defines
where a family of threads is executed or delegated. With the range of possible implementations of
I TC in the AETHER project, the concept of place must be abstract and flexible. A pl ace isadso
the mechanism used to identify system services in a SANE processor, S0 that the sysem thread
dlocating resources will need to be delegated to a specific pla ce for that purpose. A pla ce is
aso the mechanism for introducing mutual exclusion if required for aservice and this is implemented
by sequentidising dl creates delegated to the pl ace requiring exclusion. Services will include
resource dlocetion, memory alocation, input and output, etc. Not al services will need to provide
mutual exclusion but they must manage exhaudtion of their own resources. The following code
fragments illustrate how system QdlsO would be embedded within a ! TC program. The first
illustrates an example of resource management, where the stdlib include would define the place SEP
and the thread (g resure to implement resource dlocation there. The thread (g resure returns a
pl ac e resviaits shared varidble parameter.

famly fid; place res;
#i ncl ude <stdlib. h>;
E



create(fid; SEP; 1; 1) get_resource(res);
sync(fid)
create(fid;res;0;n-1)sunint(s_in, *a);
sync(fid)

E

A second example beow defines memory dlocation within a thread, this alocates memory on the
locd processor only, by using the place laa to execute madloc, maloc returns the pointer to the 100
charecter string using its firg parameter, which is a shared variable. Note the use of shared or
QegigterOvarigbles for communicaing between threads.

famly fid; char *string;

#include <stdlib. h>;

E

create(fid;local;;0;0)mlloc(string, 100);
sync(fid)

11.3.7. Squeezable threads

In the SYP model preemption is defined on the unit of work identified by a family and its
descendants. The latency of preempting a family of threads will depend on the depth to which a
squeeze dgna is propagated. A disciplined approach to rapid preemption is required but, as a
preempted family must be re-creatable, the squeeze signd is only propagated down the create
hierarchy, where this atribute can be guaranteed by the programmer. The mechanism to cepture this
concept is that of a squeezabl e thread. A squeezabl e thread is a thread that may be re-
executed following asqueeze asmany times as required until any families of threads tha it creates
have dl completed normadly. It must contain code to enable this re-creation following preemption.
See also Section 11.2.7 for more information on squeezing afamily.

When afamily tha is created with asqueezabl e thread is squeezed, the squeeze signal may be
propagated to any subordinate families created by its threads. Squeezable threads are similar in
concept to re-entrant functions. They must be designed to have no side-effects on shared memory
other than those required to redefine the index set on which the thread is created. In ! TC, thismeans
writing to shared memory the sat index of the families the thread creates. An example of a
squeezable thread is given below.

Thisthread creates asingle family and writes only to shared memory in order to capture the end/ new
beginning of a dependency between the threads and the index value to re-create the family from. It is
therefore squeezable and a family created using it may pass the sgueeze signa to dl child
families created by instances of thisthread.

voi d squeezabl e thread parent(int start[]; float init[]){
index i; float s_init =init[i]; famly fid; int scode, svalue
#i ncl ude <stdlib. h>;

E

create(fid;;start[i]; finish){
i ndex j; shared float s=s_init;
E
}



sync(fid; scode; sval ue);

i f (scode==squeeze){
init[i]=s_init;
start[i]=sval ue;

.
E
}

11.3.8. Synchronising a family on termination
sync (fid; return_code; return_val ue);

The sync condruct is used to detect the termination of a named family of threads. It must be
executed in the same thread as the corresponding cr eat e and every created family must be
synchronised if it is to contribute determinigtically to the state of a program. It has the following
components.

fid variable of typef amil y defining family of threadsto be synchronised.
return_code  avariableto receive the return code on termination of the family.
return_value avariableto recave areturn vaue on termination of the family.

The sync construct blocks until the family specified by fid has completed and then completes its
execution. It returns an integer return_code that specifies how the family terminated and a
return_value tha is set by the execution of a break, or a squeeze construct. Both
return_code and areturn_value ae optiond. A function® bresk type determines the type that can
bereturned by abr eak. A squeeze awaysreturnsavalue of typei nt .

The return_code identifies how the family completed. It has the following four unique
implementaion-defined values { normal, squeeze, kill, break)}. The execution of
sync dso signdsthat al vaues written to shared-memory by the identified family are fully defined
for adeterminigtic program. A simple example is given in the code fragment below.

create(fid){...};
..../*block a*/
sync(fid);
..../*block b*/

In thisexample, cr eat e defines subordinate threads that executes concurrently with the creating
thread, which continues to execute statements in block a (n.b. it is possible that no threads are
cregted a this sage). However, block b will only execute after dl threads defined by cr eat e have
terminated and have updaed shared memory. Therefore following the sync on fid, block b can
safely read any shared memory varigbles written by family fid, whereas block a can not.

A more detailed example is given below in which a thread creates three families of threads,
where the second family is not dependent on the first but the third is dependent on the
shared-memory output of the first two and must follow the synchronisation of both.

void thread gather(float *a, *g; int *j){
i ndex i;
?[i]=a[1[i]];
voi d thread dense_mult(float *x,*y, *z){
i ndex i;
;([i]=y[i]*2[i];



voi d thread conpute(float *a, *b, *c; int *k, *I, n){
famly fidl, fid2,fid3; float *gl1,*g2;

create(fidl;;0;n)gather(*b, *gl, *k);
create(fid2;;0;n)gather(*c,*g2,*l);
sync(fidl);

sync(fid2);
create(fid3;;0;n)dense_mult(*gl, *g2, *c);
sync(fid3);

}

11.3.9. Breaking the execution of a family

break(return_result);

The br eak congruct is executed in a thread and terminates the family it belongs to. This stops
thread creation and releases dl synchronisng memory, losing any synchronising state tha the family
may have. It alows the bresking thread to return a single value of type specified by the thread
definition to the creaing thread, which is captured by the sync for that family. Bresk has the
following component:

return_result  an expression defining avalue to beread by the sy nc for thisfamily.

An example of itsuse is given below, where the bregk typeisin dex which isasubtypeof in t . For
aseparaely compoled thread, the type would be specified by the thread definition.

famly fid; int *a,b,n,ind;

6}éate(fid;;0;n){
i ndex i;
if(a[i]==b) break(i);
}

sync(fid;;ind);
/*index contains one of any values of i where a[i] is equal to b*/

11.3.10. Squeezing a family

squeeze(fid);

Thesqueeze congruct isused in acontrol thread to preempt atask defined as afamily of threads.
It has the following components:

fid avaridble of typef aml y identifying the family of threads to be squeezed.

This congtruct brings an identified family to a wdl-defined termination provided that fid contained
the correct cepability. Thread creation is halted and al threads dready dlocated are dlowed to
terminate normadly. Note tha the termination of athread requires the termination of any subordinate
families it may have created and these subordinate families are only squeezed if the threads that
created them were squeezable (see Section 11.3.7). In practice this congtruct could be executed by any
thread executing concurrently with the family providing it has obtained the family identifier. The
capability protects the family from unauthorised signds. Squeez e isrequired to dynamically replace
an executing task without the loss of any synchronising state and its use ceptures the idea of
squeezing out the synchronising state from a family and leaving its state defined on shared memory
only.

An example of the use of squeeze is given below. It implements a relaively complex example of a
sf-balancing, two-stage, wagging-buffer pipeline, see Figure 6. At the lowest leve of the



concurrency tree exposed in this

Input - example, threads Ta and Th execute a
Buffer 1 places rid_a and rid b regpectively. The

sdf-balancing is achieved by alocating

more or less resources to rid a and

rid b according to some periodic

Buffer 2 Output  Monitoring. Thre ad wag implements

two rounds of the pipeling, i.e. reading

Figure 6 Two element pipelineimplementing awagging ~ PUf@_1 and writing buffe_2, then
buffer with threads Ta and Tb alternately reading and reading huffe_2 and writing buffe_1.

writing from buffers 1and 2. Thread control is the control thread

that performs the monitoring and

gueezes wag if the pipeline is not wel

baanced, reaulting in the creation of another ingance of weg and axtrd. The pipeline of Tg | Tb

processes an infinite stream and infinite families of weg and artrd are created one a atime. Thisis

ensured using a block sze of 1 in the respective creates. The control thread is only created on every
tick of the timer, which will be set to amortise any latency in obtaining aredigtribution of resources.

void thread wag(float *buffer_1, *buffer2; place rid_a, rid_b;E)
/*one round of waggi ng*/
famly ta, tb;

create(ta;rid_a;0;0) Ta(*buffer_1, *buffer_ 2, E);
create(tb;rid_b;0;0) Tb(*buffer_2, *buffer_1,E);
sync(tb);

create(tb;rid_b;0;0) Tb(*buffer_1, *buffer_ 2, E);
sync(ta);

create(ta;rid_a;0;0) Ta(*buffer_2, *buffer_1,E);
sync(tb); sync(ta);

}

void thread control (int threshold,fid){/*control famly*/
)’.*.observe | oad bal ance i nformati on and set bal ance*/

" i f(bal ance>t hr eshol d) {
squeeze(fid);
/*squeezes the infinite famly of wags and ternminates the fam|y*/
br eak;

}
}

void thread pipe(float *input, *output)/{
famly fid_inf;
create(fid_inf;local;0;;;1){/*infinite fanmi |y potential squeezes*/
famly fid wag, fid_cont; int threshold; place rid_a, rid_b;

);Qet resources rid_a and rid_b and set threshol d*/



create(fid_wag;local;0;;;1) do_wag(*buffer_1, *buffer2,rid_a,rid_b, E)
/[*infinite repetition of thread wag*/
create(fid_cont;local;O0;;;1;tiner) do_cont(t, fid wag);
/[*infinite repetition of periodic control thread to squeeze wag*/

sync(fid_wag)
sync(fid_cont)

11.3.11. Killing a family
kill(fid);

The ki | | congruct is smilar in operation to squeeze and is dso executed from a concurrent
control thread but it is used to bring an identified family to aforced termination provided that the fid
contains the correct capability. All pending synchronisations are lost. The other difference istha the
operation of ki | | isdeep, i.e. dl threads in afamily are terminaed and al subordinate families to
thosethreadsare also sent aki | | signa. ki | | hasthe following components:

fid avaridbleof typef aml y identifyingthe family of threadsto be killed;

This congtruct brings an executing concurrent section to a hdt with prejudice. It does this by
stopping thread creation and then force terminating any threads that have been created in the family
specified and recursively any further families created within those threads. All synchronising memory
for al families killed is relinquished. No state generated by the killed family can be relied upon, it isa
means of sopping afamily and any of its descendents from executing further.

[1.4. Examples of using the! TC memory model

Threads share memory except for a thread® context of scdar, synchronising varigbles. Shared
memory is asynchronous and weakly consistent and uses bulk synchronisation on family termination
and synchronising memory to ded with the asynchronous communication between memory and
processor. The termination of a family of threads (sync) signds tha al shared-memory locations
written by the family are now wel defined and anew family can be created to consume those values.

A thread@context of scdar, synchronising variebles are either:
¥ ddd todl threadsin thefamily but reed anly,
¥  lod and nat agessbleby any ahe threed, o
¥ daawhidislod and dsoread alytothenext thread in index ssuane

The synchronising memory available to a family of threads is illustrated in Figure 7, including the
context of the creating thread, which provides the globd values and initidises any chain of shared
vaiables in afamily. A variable desgnaed share d in athread is not available to dl threads in a
family as might be assumed but rather it isalocal varidble tha provides its vaue to the neighbouring
thread in index sequence.

Shared variadbles must be defined in each thread to ensure norma termination of the family,
regardless of control flow. A shared varigble in the first thread in a family is initidised by a loca
scada from the creating thread® context, either a the declaration of the shared varigble in a
compound statement defining the thread or as aformal parameter to an argument of a named thread
adso declared as shared. On termination of the family, the initidisng varigble takes on the value
written by the last thread to be executed in index sequence but thisis not a synchronisng event as



the variable was aready defined when it initialised the first thread.

Creating Thread 1 Thread 2 Thread n

thread

. Neighbour's Neighbour’s ] Neighbour's

Local scalars - shared [ shared

Local shared

S |

Local scalars

]

Local scalars Global scalars
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Figure 7 The relationship between the contexts of scalar synchronising variablesin a family of
threads.

11.4.1. Communication between threads with synchronisng shared
variables

Some examples of how synchronising memory is used in ! TC are given below. The firgt deds with
the semantics of multiple assgnmentsto avariable declared as shared in athread.

int *a, n, sO =0; fanmly fid,

create(fid;;0;n-1){

i ndex i;

shared int s=s0; /*initialises s in first thread only*/

s = s + 1;

s =s * 2

a[i] = s;

}
In this example, the shared variable s defines a dependency between threads, initidised in the first
thread by s 0. On synchronisation of thisfamily, sO will be updated by the value of s written in the
lagt thread executed in index sequence. Note however that s is written twice in each thread, which
rases an issue because of the concurrent execution of the threads. This means tha the value each
thread sees from its neighbour is non-determinigtic (i.e. it could be the value from the first or second
assignment to s). To resolve this stuation, ! TC assumes semantics equivaent to the sequentia
execution of each thread in index order. Thisis achieved by ensuring that only the last assignment to
s gynchronises with the following thread and any prior assignment to s islocd. A ! TC compiler
would therefore generate the equivaent of the following code:



int *a, n, sO =0 famly fid;

create(fid::0:n-1){

i ndex i;

shared i nt s=S0;
int t;

t =s + 1;

s =t * 2;

a[i] = s;

and the sequence of vaues written to a[ i ] would be {2, 6, 14, 30, ..}, which is eguivdent to
gpplying a sequentid schedule to these threads.

Dependencies between threads defined on indexed data structures are also non-determinigtic, as this
bresks the generd rule that two threads in a family may not read and write to the same location in
shared memory. The solution is to use explicit, shared variables. Although the ! TC compiler could
automate this transformation, we make it the responsbility of the ! TC code generator, to avoid the
possibility of introducing expensive run-time checks. As an example, the following code fragment:

create(fid;;1;n-1){
i ndex i;

sunfi] = a[i] + sunfi-1];
}
should be rewritten as below to avoid non-deterministic results:

create(fid;;1;n-1){
i ndex i;
shared int s=s0;
s = a[i] + s;
sunfi] = s;
}

Figure 8 N on-adjacent dependenciesin array (a[]) transformed into adjacent ones by transforming a
problem into two dimensions using nested families of threads.

In the following examples the restrictions on inter-thread communication are explored, i.e. tha
dependencies can only be carried between neighbouring threads in index sequence. Thisisnot such a
severeregriction asit firs appears due to the hierarchica nature of concurrency in the model. Non-



locd communication is exposed by this redriction and must be explicitly programmed. Two
techniques can be used to transform code to achieve locdity of communication. The first applies to
regular, non-locd dependencies and transforms alinear sequence of threads containing non-adjacent
communication into a two-dimensiond problem using nested families of threads, where the
adjacency property in communication is achieved. Thisisillustrated in Figure 8 and the code below.
The technique can be applied to arbitrary sized arrays with an arbitrary skip distance; it aso exposes
concurrency one family of threadsisindependent.

create(fid;;0; 7){
i ndex i;
a[i]=(a[i]+a[i-2])/2
/*this can not be represented with a shared vari abl e*/

}
sync(fid);

create(fidl;;0;1){
i ndex k; famly fid2;
create(fid2;;0;3){

i ndex j; shared float s;
i =2%j +k;

s=(a[i]+s)/2

a[i]=s

/*this nested fanmily can use a shared to obtain a[i-2]*/

}
sync(fid);

The second technigue to avoid non-adjacent thread-to-thread communication isto use static, thread-
to-thread routing. The example below implements dependencies on the previous thread and the one
prior to that. It computes the first ten Fibonacci numbers. In this code the assignment
templ=t emp2 implementsthread-to-thread routing in synchronising memory.

void thread fib(int *fibonacci, n){
famly fid; t1=0, t2=1;
fibonacci [0]=t1; fibonacci[1]=t2;
create(fid;;2;n-1){
i ndex i; shared int tenmpl=t1, tenp2=t2;
fibonacci[i] = tenmpl + tenmp2;

tenpl = tenp2;
temp2 = fibonacci[i];
}

sync(fid);

}

Finaly, a more complex example is given below, which implements matrix-vector multiplication.
This is another example of the use of nested families using two-dimensiona indexing. It uses a
thread index i in the outer family, which is locd to the thread. In the inner family of threads the
matrix ais indexed with both i, which is globd to al inner threads and j, which is loca to the inner
thread. This defines n: threads, where the n outer threads (family fido) are independent and the n
inner threads (family fidi) contain a dependency chain on s. Note the use of the block parameter in
the outer family for controlling resource dlocation.



void thread matvec(int *a, *x, *y, n){
fam ly fido;
create(fido;;0;n-1;1;4)({

i ndex i;
famly fidi; int sO = O;
create(fidi;;0;n-1){

i ndex j

shared int s=s0

s =s +ali][jl*x[j]

sync(fidi);
xg[i] =s;

sync(fido);
}

11.4.2. Resource management on thread areation

The use of block in cr eat e isaform of (k-bounded loopsOand is used to manage synchronising-
memory dlocation on thread creation. In a dynamic implementation of ! TC, it is possble, when
using nested creates, to define families of threads tha exceed the available synchronising memory
when created, and in the absence of further resources to delegate the threads to, resource deadlock
can be induced. The use of block dlows synchronising memory to be digributed across a hierarchy
of cr eat e congructsto avoid resource deadlock on a fixed sat of resources. The example above,
that performs matrix-vector multiplication, is agood one. The block parameter on family f i do says
that no more than 4 outer threads should be dlocated to a processor a& any time. Assuming that the
available synchronising memory per processor when this executesis larger than four times the size of
the outer thread® synchronising context by a least one inner thread® context, then this guarantees
that registers are available to be alocated to the inner threads. If the Hak parameter were not been
used and n was such tha the outer family threadsOcontexts exceeded the synchronising memory
available, then no inner family threads could be created and no outer thread could complete - hence
deadlock! Note tha other mechanisms for avoiding resource deadlock should be implemented in an
automatic manner if further processing resources can be obtained. |.e. when no more synchronising
memory is available locdly, the cre at e isdeegated to other resources,

11.4.3. Communication between threads with asynchronous shared memory

Shared memory uses the norma scoping rules of C. However, some restrictions on shared memory
use are required to avoid non-deterministic programs. Reads and writes to shared memory must be
managed o0 tha two concurrent threads will not read and write to the same location in memory and
adso 50 that the same location is not written to by more than one concurrent thread. This applies to
threads in the same family or threads in different families executing concurrently.

Condder the following ! TC program in which two concurrent threads read and write the same
location in shared memory:

voi d thread main(){
int *a, n; fanmly fid,

6}éate(fid;;0;n-l){
i ndex i;
a[i] = a[i] + a[i+1];



This program would not consistently gives the expected result in reading a[ i +1] (as defined by a
applying a sequential schedule over the index order or the equivadent loop order ) as a thread may
read one of two vaues, either the value from a[ i +1] defined prior to the family executing or the
new value written as a[ i ] by a thread® successor in index order. In order to give a deterministic
result the program would have to rename the assigned array, e.g. :

voi d thread main(){
int *a, *ca, n; fanmly fid,
é:.r.eate(fid;;o;n-l){
i ndex i;
ca[i] = a[i] + a[i+1];

}

Note that in generd, it is not trivid to detect such non-determinism as the following example shows.
Here the program is wel defined as the index sequence defines updates only on even indices of a
and hence no two concurrent threads can ever read and write the same location in this modification
of the above program.

t hread main(){
int *a, n; fanmly fid,
;:.r.eate(fid;o;n-l;Z){
i ndex i;
a[i] = a[i] + a[i+1];

[1.5. SANE N etworks and Communications

Communication in the SYP modd can be identified in severa constructs and abstractions and can be
implemented on logicaly separae networks. Communication may be required for the following
actions.

¥ dedegation network - natiatingresaures aegtingand sndronisng ddepted families d maahreads
¥ shared-memory network - menagngtheastradion d a anggtat shared menay; and findly
¥ sgynchronisaion network - managng ammuni@tion and sndraisation bawen threads

Although each communication type can be mgpped to a singe network infrastructure, this
partitioning is an advantage, as each communicaion type can be optimised for its purpose in a
hardware environment. The characterigtics and requirements of each are quite different.

In terms of protocols, this document describes only abstract protocols and an implementation will
provide a specific protocol, with protocol converters being required between different domains, such
as on-chip, chip-to-chip or I P networks.

The remainder of this section looks in detal a each particular type of communication, wha it does
and itsrequirements in terms of bandwidth, latency and protocols.

11.5.1. Ddegation network

The delegaion network manages generd communication between SANESs in order to negotiate
resources and to fecilitate the delegation of a unit of work, i.e. ajob or gpplication represented as a



family of threads. It is certainly the most ubiquitous of the networks defined above. This network
adso forwards the asynchronous squeeze and kill sgnds to a delegated family. Its characteridtics are
generd and it requires arelatively low bandwidth, with ardaively low frequency of communication.
However, it should provide low latency, as latency will delay the process of delegation of work, which
requires & least two end-to-end exchanges over this network. The network will be an addressed,
packet-switched network as there is a requirement for any SANE processor to tak with potentidly
any other SANE processor that isin range, operationd and/ or available to delegate work to.

I11.11e. Resource acquisition protocol

A protocol for resource acquisition enables athread to obtain resources for the delegation of afamily
to new resources. A thread initiates this protocol before it crestes afamily a some level in a family
hierarchy, this may be within a user application or the operating sysem launching the gpplication.
The protocol completes following the termination of the family created a which point the resources
would normadly be relinquished. The termination may be on completion of the delegated family or as
aresponse to a squeeze sgnd. The squeeze in turn may be initiated by the control part of the job or
by the operating environment on the root family of the application. The former isan example of seif-
adaptation and an example is given in Section 11.3.10 while the latter is used by the operating sysem
in order to regain control of resources in order to redistribute them according to some higher-level
drategy. Both stuaions areillustrated in Figure 9.

resource
manager

squeezes manager

root to creates and
reclaim all re-creates
resources

job root

. software negotiation requests for
unit of wor_k adaptation to acquire configured
(task or family) resources resources
creates and
re-creates
tsqu:ezc:s squeeze
0 adap propagates
down hierarchy

/a
control Other levels of

monitoring ‘ application concurrency

lowest levels of
families

hardware
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Figure 9 Adaptation by delegation and resource management

The resource-management and delegation protocol comprises the following generd sages:

1. thethread sends a message to the resource manager requesting a place of a given type (e.g. x
processors or y logic cells), perhaps for agiven length of time;

2. the resource manager responds to the request by specifying the place, which includes a
cgpability to create a family a that place. This capability is an dtribute of the resource or



resource st;

3. the thread delegates the family to that place and identifies the family to the resource
manager, 0 that it can be pre-empted, this identifier must contan an encoding of the
cregting place (a network address), the family@® identification at that place and the family®
capability;

4. thethread waitsfor the delegated family to complete, either be by normad termination or asa
result of asgueeze (it may also be killed but it will never know about tha);

5. the thread sends a find message to the resource manager relinquishing the resources by
identifying them and then finishes.

Note that if the family created by athread is squeezed, the creating thread capturesit progress and is
re-executed to recreate the family using another round of this protocol perhaps at a different place
with different resources.

The protocol for delegeting a family to a place is initiated & stage 3 of the resource acquisition
protocol. A thread initiates this protocol when delegating a family to a place acquired for that
purpose. The protocol comprises the following stages:

1. thethread creates a delegaed family entry in its own tables as this is the place where signds
to the family will be sent and hence these must be forwarded to the delegated place;

2. the thread then sends a message to the place acquired in order to delegate the creae for the
family. This message contains a pointer to the family® metadata describing al of its
parameters, it also contains the globd scdar vaues to initidise the threadsOsynchronising
memory on the remote resources.

3. following this, the thread sends messages to the place to initidise any shared variables, one
message is sent for each shared variable, as soon as the thread writes to its local varidble
initidisng the dependency chain in the created family. |f these variables are dready defined
they can be sent immediately. There may be several such messages a different points in the
execution of the creating thread, one for each shared variable defined in the created family;

4. on termination of the family, the place the family was delegated to responds with a message
indicaing that the family has terminated, this message will include the termination code the
terminaion vdue and the vdue on termination of the shared variables of the last thread
executed in index sequence;

5. thethread removesitsloca entry in the family table for this delegated credte.

11.5.2. Shared-memory network

The shared memory network is architecture specific and will reflect the implementation of the SANE
processor. Example implementations are pure shared memory, cache-coherent shared memory, both
NUMA and COMA or an ad-hoc distributed-memory architecture. The characteristics of this
network are dso implementation specific, however, this network will require a large bandwidth in
some applications, as it is this network though which the magority of an applicationsOdata is
distributed. The bandwidth required will depend on the locaity of an goplicaion. Even the type of
transaction on this network will depend on implementation. They may be fine-graned and
asynchronous or course grained and synchronous. Any protocol must ensure that before asy nc for
afamily completes, dl writes to the memory made by that family are defined in the memory.

11.5.3. Synchronisation nework

Communication between threads is captured by synchronisng memory. A family has drict
limitations on the patterns of communication to avoid deadlock and to capture locdlity. Like the



shared-memory network, the protocols will be implementation dependent. The charecterigtics are
high-bandwidth, low-latency and strict locdity. For fine-grain implementations this network is likely
to be implemented by direct circuits between functiona units, e.g. a wire or wires connecting two
components implemented in FPGA logic cells or aring of processors. The network cgptures the
production of datain one thread as a synchronised event and provides the datato the next thread in
index sequence. Thisis analogous to a clocked or handshaken data bus connecting the two threadsin
hardware, or it may be implemented as registers with full/ empty bits shared between functiona units.
The protocol must ensure a grict ordering of operations in respect to a dependency chain on a
shared variable and its initidisation from the creating thread. Note that this will form an acyclic
network, athough a cycle may be completed using a higher-levdl communication, namely the
termination of afamily of threads.



I11. Adaptation Algorithms and I mplementation

[11.1 Overall model and issues

In the previous sections we have introduced a mode for the SANE virtud processor (SVP), Section
Il provides a coherent view of an applicaion or task as a recursive, dynamic concurrent control
structure capturing dependencies in a uniform and synchronised manner. It is an abstract model and
it is clear that there are many different implementations of it even when considering reconfigurable
processor architectures. To thiswe must dso add a system environment that is cgpable of dlocating
and configuring resources within an adaptive sysem. The SEP must react to the application®
dynamicaly changing needs, while gill maintaining an overdl strategy for the various gpplicationsit is
responsible for, based on information defined in the meta data associated with those applicetions at
their top level. However, the SVP is scalefree and it is impossble to identify a single point as the
GystemO and below that as the QuserQ In practice there will be a hierarchy of sysems and
goplication will dmosgt certainly want to manage their own resources by locad adaptation, which at the
lowest level will correspond to the flexibility available in a reconfigurable architecture. At the SVP
implementaion level, locd decisons are made with the highest frequency offered by the
reconfigurable hardware, comprising cells, processors or both. Global decisons on sets of resources
are managed a the higher level a a lowe frequency. A larger observation period enables more
complex mapping decisions to be made to offer a globdly optima view instead of making loca
distributed decisions that can solve application-specific questions but only in a restricted context.
Thisis anon-trivia task but is not the subject of this paper.

[11.2. Implementations of SVP B General issues

SVP provides an execution model for the SANE environment. It is an abstract modd tha captures
concurrency yet maintains the same principles of composition that has made the sequentid model
ubiquitousin current systems. Concurrency is captured as a dynamic tree, where the nodes in the tree
represent threads and the branching & each node represents the dynamic creation of one or more
families of subordinate threads, which in turn may create further families of threads. It isimportant
to note two facts about this concurrent control structure:

1. thestructure of the concurrency tree is dynamically evolving;

2. any two or more such sructures are composable, without inducing communicaion
deadlock.

Figure 1 illustrates the second point above. Note that dependencies are supported between the
components composed but only a a single level and, where more than two programs are composed,
only in the index sequence of the threads a that level. The SYP mode is therefore scae free but
there is gill a significant abgtraction gep between this modd and implementations in hardware using
fine-grain reconfigurable hardware being investigated in SP1. It iswdl known that in any design, the
lower one goes in the level of abstraction the more choices there are in the implementation of the
higher levels of abgraction. Within AETHER, we have the benefit of having defined universa
modds based on a single agraction, namey the Shet software engineering level and the SVP
processor model, where both can be encapsulated/ compiled to ! TC. However, we cannot maintain
this one-to-one correspondence when deding with low-level implementations, as the range of
implementations and abstractions required is enormous. However, to obtain solutions to the domain
of ubiquitous computing as described in the overal objectives of the AETHER project, we must
consider anumber of different implementation strategies and these areillustrated in Figure 10.

At the highest levels of such a ubiquitous sysem we require sandard communication protocols,
probably wireless, in order for the silicon components of a SANE system to communicete with each



other. At this level the target is adigributed sysem comprisng alarge number of chips and perhaps
even conventiond sysgems. Such an implementation will use sandards for communication and
message passing. VTT have expressed interest in investigating such a solution.

At the lowest levels of the hierarchy, we have a substantial body of work being undertaken in SP1,
which comprises a range of different implementation-level architectures. It is here that we have a
large abstraction gap between the SVP model and the implementation. It is proposed here that in
order to bridge this gap, one or more SANE hardware models be defined, which would dlow the
implementation of a SANE sysem from the results presented by SP 1. This would require
communication protocolsimplemented by networks on chip and amode that defines the extent and
manner in which ! TC would be scheduled in order to match the given hardware plaform.

y 4
uTC
y 4
y 4
uTC

SE level Architecture level Implementation level
SP3 SP2 SP1

Figure 10 Various possible implementations of self-adaptive systems from Snet via! TC, showing the
transformations between different levels of abstraction down to implementation on different platforms.

Many of the paradigms that have been investigated and those developed in the wider research effort
in this field, adopt a mixed cpu/ logic approach, e.g. [26]-[38], where the control intensve part of the
application is mgpped to one or more conventiond instruction set processors and the
computaiondly-intensve parts are mapped to the reconfigurable logic (either fine-grain or coarse
grain implementations). In SVP, one can consider implementing the cpu component of the
implementaion as pardld reconfigurable array of conventiond ingruction set processors that can
manage and delegate computationdly intensive parts of an application to logic-level reconfigurable
architectures. Any system of SANE procesors will have some mix of these different levels of
implementation.

A specific implementation of SVP is dso outlined in this deliverable, smply because it is so closely
related to the definition of the SVP itslf. It isadirect implementation of SVP redlised by extending a
conventiona processor® instruction set with instructions and structures that directly implement the
SVP moded. Such a processor modd is useful for implementing SVP on a conventiond cpu in a
mixed logic/ cpu implementation and can aso implement a coarse-grain reconfigurable platform
done, where many such processors can be configured dynamicaly to implement families of threads
a different levels of the concurrency tree in Figure 1. This gpproach is cdled a Miaayid of
nmaahreaded microprocessors and is described in the section below. It has served as aredity check in
the process of defining the SVYP model. It would have been ingppropriate to define a model that
could not be directly implemented in hardware and this task has been completed as a cycle-level
emulation of such a processor and hardware-resource andysis of the gructures required for its
implementation.



[11.3. High-level adaptation in microthreaded microgrids

A microgrid of microthreaded microprocessors is a reconfigurable architecture, where the unit of
configuration is very coarse, i.e. a conventional programmable processor based on the SVP model
itsalf. We anticipate that thousands or even millions of such processors could be implemented on a
single chip, depending on the process density and the processor complexity. Of course, such a grid
could occupy just a subset of the chip with the remaining area being given over to other levels of
reconfigurable components in any mix. However, a this point let us just consder just an array of
microthreaded microprocessors and investigate how the concurrency tree in Figure 1 defined by the
I TC program can be mapped to such an array. Thiswill dso give atemplate for mapping the control
gructure part of amixed cpu/ logic gpproach and may even guide the implementation of hierarchicdl,
logic-based gpproaches.

Each microthreaded microprocessor implements in hardware al of the concepts described in Section
I. To achieve this, a conventiond processor is augmented to dlow the dynamic creation of families
of threads and dl of the SVP concurrency-management concepts, either as processor-support
dructures, eg. the dynamic alocation of contexts of synchronising memory (registers), or as
ingructions for controlling the execution of families of threads, eg. brek, kill and sgueze These
support structures are very efficient a running many smal fragments of code concurrently and can
context switch and reschedule a thread on every processor cycle. Also, because athread® progress is
based on the availability of data in synchronisng memory, it means that with sufficient loca
concurrency, the processor is highly tolerant to communication latency, which is one of the big
problemstha future silicon systems of any variety will haveto face.

In thisimplementation, no scheduling of concurrency is undertaken by the ! TC compiler, and nodes
in the concurrency tree are represented by parameterisable create ingructionsin the processor@ | SA.
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Figure 11 A microgrid CM P with multiple configured rings of microthreaded microprocessors. The
processors shown in colour are configured into clusters for executing families of microthreads, those
in white are idle (free or floating processors) and not allocated to athread for processing subordinate

families of threads




The advantage of thisistha the microthreaded binary code is schedule invariant and will run on any
number of processors from 1 up to some limit determined by the maximum concurrency exposed in
the code. As this is possible without any change in the binary code, it gives a good platform to
explore techniques for sdlf-adaptivity, without having to solve issues such as dynamic compilation
that will certainly be required a lower levels of implementation.

UVA has developed a cycle-accurate emulation of an Alpha architecture extended with the
ingructions specified in the SVP model (see Section 11.3). This emulator is able to configure groups
of processors into ring networks and create families of threads over these clusters. Sudents at UVA
have dso started specifying the SVP processor® support structures in VHDL and these structures
can be used for the control cpusin alogic-level, reconfigurable platform.

The mechanism for adaptation in a microgrid rdies on the dynamic configuration of sats of
processors to execute families of threads, ether by ddegation or by pre-emption and resource
adjustment. Of these two mechanisms, the first and most efficient is the delegation of a family of
threads to a new processor cluster, (n.b this cluster could also be implemented as a reconfigurable
logic function). In this process, a thread in SVP acquires resources dynamicaly and delegates the
execution of its subordinate family to those resources. It requires no pre-emption and is suitable for
fine-grain, staticaly specified families of threads. The second mechanism requires pre-emption,
where a long-running task (specified as a family of threads) has been dlocated resources but is no
longer matched with its QoS goals. Pre-empting the task will capture al of its state so that it may be
re-created on either more or less processors to achieve that.

The system environment in a microgrid is able to reconfigure connections between its processing
edements thus changing the organizational sructure of the sysem to create new clusters of
processors connected in rings to implement the synchronisation network. These rings, once
configured, dlow data exchange and synchronisation between adjacent processors and dso
implement the protocols in hardwae for implementing create, kill, squeeze etc. This is not a
generdised communication network and a second network, the delegation network, is required to
communicate between any processor in the microgrid and the SEP for delegating the execution of
families of threadsto remote clusters and for exchanging messages concerning resource dlocation. In
this model a place identifies one of these clusters of processors. As can be seen in Figure 11, thereis
the same time-gpace optimisation to be performed in alocaing clusters of processors to families of
threads, as would be required in alocating cdlsto tasksin aconventionad FPGA.

To dlocate resources, the SEP will be created on one or more dedicated control processorsthat have
access to the configuration control for the synchronisation network, where it will keep aloca map
and model of the resources in the immediate SANE environment, i.e. the microgrid and in any
microgrids it has contracts with. To make arequest for a service from the SEP, athread executing a
any level of the concurrency tree can create afamily of threads on that processor by specifying it asa
place in the create. See 11.3.6. The concept of place is abstract and can therefore be overloaded to
specify a gpecific service on that processor.

In amicrogrid, configuration of processors into isimplemented with simple distributed switches and
clugters are formed on a grid using neighbouring connections only. Thisresults in afast, locd circuit
switched network for register sharing, which minimises inter-thread latency. Five clusters are shown
in Figure 11 of various sizes (the coloured processor groups) and each cluster is executing one or
more families of threads defined from some node in the concurrency tree. Note tha the larger the
cluster used by a family, given sufficient concurrency, the shorter the time to completion, or given
the same time to completion the lower the frequency/ voltage and hence energy disspated by the
computation. Thus adaptation can be used to optimise performance and/ or power dissipaion in a
microgrid, provided that the gpplication has sufficient concurrency and that the implementeations are
scaable. The propertiesthat facilitate this are explained in more detail below.



[11.3.1. Parametric Conaurrency

In the SYP modd, concurrency is parametric and schedule invariant and this property is propagated
into the ingruction set in amicrothreaded processor. This means tha the same code can be executed
on any number of processors without the need to be recompiled. It is an atribute of the dynamic
digtribution of the code fragments defined by the create onto the available processors. If we consder
the definition of a family of threads from Section 11.3.4; it comprises a dynamic indexed st of
threads. Only a create time do the family® parameters and the number of processors it is to be
executed on get defined. This can be an existing cluster in the microgrid or can be acquired
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Figure 12 Parametric concurrency and schedule invariance in a cluster within a microthreaded microgrid

dynamicaly prior to the family® execution by negotiation with the SEP and configured into aring.

To execute the family, the threads are mapped determinitically across the processors, using a block-
cyclic mapping (see Figure 12). Each processor has its own scheduler implemented in hardware,
which independently creates the threads assigned to it by the mapping. The first globd
communication required in this process is the distribution of the family® control-block address and
its globas from the creating threed to al other processors in the ring. Another globa
communications on the ring is required to determine when al processors have finished or
dternatively to kill, squeeze or break the execution of a family. These broadcasts and reductions are
performed very efficiently on the synchronisation network. If the family is dependent, this network
aso provides communication for shared variables (n.b. this is a loca communication on the ring
because of the mgpping of thread index to processor).

111.3.2. Deaministic Behaviour

In conventiona multi-processor, threads are coarse grain, digributed statically and scheduled there
with a given priority. Pre-emption may or may not be possible. If not, then the process modd of the
sysem will provide the mechanism for virtua concurrency to overlgp computation with
communication. This will dso dlow the redistribution of threads to different processorsin the event
of aload miss-balance or a redistribution of resources. In a microthreaded processor, on the other
hand, threads are managed the same way whether they are afew ingructions or complete programs.
All active threads are interleaved on the processor determinigtically, without flushing the pipdine
(this is signdled by the compiler). Threads cannot be pre-empted but execute to completion where
created. The compiler detects the context-switching pointsin the thread® code, based on whether an



ingruction is saticaly schedulable or not. Ingructions dependent on data loaded from memory
cannot be stetically scheduled because of the asynchronous nature of the memory in the SVP model.
Neither can ingructions dependent on another thread@ shared variable.

The microthreaded processor® operation is illugtrated in Figure 13. It is the processor® hardware
that manages threads and context switching, and it dlows overlgp between communicaion and
computation at the instruction level. Note that this approach leads to more deterministic program
behaviour, even though threads may be context switched frequently. Thisisin part because of the
massive latency tolerance obtained by interleaving fine-grain threads on the processor, which results
in high efficiencies of the pipeine and partly due to the processors generd responsiveness. For
reactive systems, a high and low priority queue can be implemented and for a single high priority
process, the response latency will be bounded above by the maximum saticaly scheduled sequence
of ingructions in any thread currently active and will increase in proportion to the number of high
priority threads active a any time. To put this in perspective, the distance between loads in code
fragments is usudly just a few cycles, so the latency on interrupt (a write to a register file) is afew
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cycles per active high-priority thread.

Pre-emption in this processor is as defined in the SYP modd, i.e. performed on families of threads
and includes the notion of squeezable threads. Managing performance and/ or power is as Smple as
pre-empting a family and providing tha family with more or less resources to execute on. More
processors will scae performance up or with f/V scaing, scde power down for the same
performance, less processors will have the opposite effect.

The determinism in this modd dlows great flexibility in the management of resources. There are
even situations where self-adgptation can be built into the hardware. The scheduler on each
processor has information about the workload of the processor, through the length of the queue of
active threads, see Figure 13 (n.b typicdly threads are homogeneous) and tha information can be
compared with other processors in the same cluster, ether locdly or globaly to implement
performance/ powa management a the hardware level. Note that each processor is implemented in
a sparate clocking domain and communicates asynchronously. Each processor can then adjust its
own clock and Vdd according to its relative load to achieve load baancing and powe optimisation.



V. Conclusions and future work

This paper presentsthe results of an unenviable task, that of providing the interface between the two
diverse sub projects within the AETHER project, namely one which is providing the high-level
software abstractions required for software engineering issues, such as composability, specidisation,
type sdfety etc. and the other, which has been developing implementation models for a wide variety
of SANE processors, based on reconfigurable architectures.

The strategy tha has been adopted in order to bring a successful and early conclusion to this task has
been to adopt atop-down approach to the design of aSANE Virtua processor. This means that our
initid objectives have been to liaise very closdy with the software engineering aspects in order
support dl aspects of the new language, Shet, which is being developed by the University of
Hertfordshire. This has also meant that our interaction with goplicaions has been indirect, as should
be the case if our layering approach to sysem development. The justification for this top-down
aoproach is that further abstractions can be used to bridge any gep between SVP and the various
hardwarel systems targets, if required. This grategy has dlowed us to satisfy dl of the gods we had
st in the definition of the SVP, which would ensure its universality with respect implementation.
Those godswee

¥ to apture an gpdliction® meximel anarrey as suedng a anaurrat desriptian is trivid when
anparad to extrading anaurrency froma ssouanttia desription;

¥ to@purelodity d ammunicion in ade tordlet futureandraints an anmuniction in slian ysars
¥ findly,tokep emyhingdyramicin ada tofufil theprget goals o sf-adaptivity.

Whether it has been fortuitous or perhagps indicative of a certain correctness of our respective
agoproaches, we have been surprised a the similarities in the two different levels of modelling
adopted by the software and machine models. Both attempt to make the mode as Sadess as
possible, while identifying synchronising cells that provide the dynamic concurrent stae. In both
modedls this synchronising sate is dynamicdly dlocated, performs its function and is released.
However, the two modds dso differ substantidly in their level of abstraction and implementation
detal. Shet is very much a communication-oriented abstraction, deding at it does with single-input,
single-output boxes that consume and produce streams of typed data. SVP on the other hands deadls
with fragments of code tha synchronise on scdar values with input and output to those fragments
from asynchronous memory. As such it is close to a convention processor, except it manages
concurrently explicitly.

Concerning the use of SVP as a universal interface, it should be noted that dthough ! TC programs
are scheduled dynamicaly at the instruction level (i.e. they capture a significant amount of dynamic
concurrency) this should not be considered to be the only possible implementation. At UVA we are
exploring direct implementations of this model as reconfigurable arays of microprocessors
supporting it a the ingruction level. However, many other implementations that staticdly or
dynamicaly schedule the SVP® concurrency tree are possible. Families of threads can be trividly
scheduled for conventiona processors a an arbitrary level of granularity, which can even be chosen
dynamicaly. We have dready created ! TC to C trandatorsthat gpply a sequentia schedule to threads
within a family, diminating the requirement for synchronising memory a those levels. In fact
implementations of ! TC are free to provide as much or as little staic scheduling as required,
provided tha the schedules respect any dependencies defined on afamily of threads.

For example at the highest level of granularity ! TC can be distributed to distributed computing
infrastructures, (GRIDS) using message passing, as described in Section 111.2, which would use
standard message passing protocols and possibly existing resource-management middleware.

The implementation of SVP a the processor level has dready been implemented during the
definition phase of ! TC (See Section 111.3). This implementation will be used to evduate various



resource dlocation strategies. By far a more chdlenging implementation will be implementations of
I TC a the cell level of nove reconfigurable processor architectures, i.e. the SANE processor defined
in the AETHER project® description of work. This third and lowest level of implementation will
target logic-based reconfigurable hardware. For thislevd, it is quite possiblethat ! TCis at too high a
level of adraction for any one specific reconfigurable architecture. Many are described in the SP 1
research report. This is not unexpected and will require further architecture-specific abstractions to
be defined for different approachesto scheduling that these architectures support.

Thereis gill a considerable amount of work to be undertaken within SP2 now that the SVP has been
fully defined. Three compilers are being investigated a UVA, related to the definition of ! TC. Two
are source-to-source compilers and will trandate C to ! TC and ! TC to C. The third isa ! TC
compiler to support various SANE implementationsin hardware within SP1. The! TC to C compiler
istrivid and has already been completed. However, the next and more interesting development based
on this will be in choosing at what level in the concurrency tree to flaten the tree as a sequentid
schedule and then to trandate higher levels into digribution and communication. VTT will
investigate this direction.

The compiler from Cto ! TC isapadleisng one and will be used for generaing concurrent units of
work based on their definition in the C language, i.e. where it would be used as a box language within
Shet. This dlows us to exploit a wedth of legacy code and compile it to the SYP model for
implementation on any hardware that supports the SVP modd. This is a significant development,
currently a Master® student a UVA is investigating both CoSy (the second HiIPEAC compiler
platform) and Stanford® Suif as suitable compiler frameworks for this work. One of the advantages
of the SVP model is that a pardldising compiler for it need only capture concurrency, rather than
providing schedules for that concurrency, which isan NP hard problem and not generally amenable
to static andysis. SVP is a powerful and dynamic model of concurrency and it is assumed that the
most efficient implementations of it will be performed dynamicdly by synchronisers and schedulers
implemented in the hardware, this work on microgrids of microthreaded microprocessors will
continue a UVA but will be focused on triggers and dgorithmsfor adaptation.

It is dso anticipated that a spin-off project based on SVP will be submitted into the Nove
Architecture component of the seventh European Framework@® first cdl for projects. This project
will continue the development of compilers with | TC as atarget. The consortium being established
will evauate a number of existing European chip multiprocessors as targets. Compilers from C to
ITC (UvA) and Sngle-assignment C to ! TC (University of Hertfordshire) will be used in
conjunction with aS MD intermediate language from the University of Glasgow.

The third compiler being developed in AETHER will generate binary code for the microthreaded
processors from ! TC using a modified gcc compiler. Although this work is specific to the
devdlopment of microgrids of microthreaded microprocessors, other partners may exploit the front-
end of the compiler in a range of hardware implementaions. Possibilities are outlined above and
include synthesisng configurable logic, to implement the computation defined in SVP. Tha
synthess may wdl proceed via a second intermediate language, such as VHDL or Handel C,
currently used by some SP1 partners in their synthess work. Other targets are GRIDS of
conventional processorsviaC, MPI and Globus.

At the OE levd, future work will address.

- Refinement of task communication and synchronization based on task and function
definition that can represent communications specific task or function.

- Introduction of QoS monitoring tags with communication links.
- Ted of the gpplication modd according to dynamic task graph requirements.

Both will be done conjointly with simulator developments.
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Appendix | Glossary

SP1, SP2,SP3bsub projects 1, 2 and 3.
SANE b Sdf-adaptive network entity, the processor mode supporting self-adaptivity in hardware.

SV P D SANE virtud processor, the abstract layer providing atarget for compilers and capturing the
concurrency controls tha allows self-adaptation.

SPBaSANE processor.

SEP B Systems environment processes, the collection of tasks defined to support the SVP modd in
vaious implementations in hardware. This includes resource modelling and dlocation, protocol
conversion in implementing families of threads and the associated communications, security issues
must be built into the foundations of the SEP.

OE b Operating environment, the part of the SEP tha manages the scheduling of tasks (gpplications
or parts of applications) onto a system of distributed SANE processors.

SV P paké d infamation D al of the information required to execute afamily of threads on aremote
SANE processor. This will comprise the family® inputs, the parameters and metadata of the family,
the location and identification of the family on the initiating processor and the code or description of
the functiondity of the family. Inputs may be loceationsin shared memory or may be communicaions
between digtributed memories. The family will return the family@ outputs on completion.

SV P unit o wak Bthe unit of computation that is amenable to self adaptation. In SVP thisis defined
asafamily of threads.

SV P paramdeis farily d threads B this comprises the definition of athread in some form, an index
st, which defines the number of threads to be created and an arbitrary amount of implementation-
defined information (e.g. metadata, power budget, period, rea-time congraints etc.).

SV P anaurengy tree B the dynamic structure formed by creeting families of threads recursively. Each
node in the tree represents athread the number of branches a tha node is defined by the cardindity
of the union of the index sets for any family that the thread has created and which has not
terminated.

SVP aandraass shared menay B an abstraction that alows communication between families of
threads to be represented as shared memory. The memory has no guarantees concerning its speed of
operaion and threads will wait of values read from shared memory before being able to perform
operaionson them.

SVP pae b the abstract concept for where a family of threads may be executed. It includes the
concept of a processing resource as wdl as a service, which may require mutual exclusion. A place
therefore represents a processor, a processor cluster or a cluster or reconfigurable cells, which may
offer specific system srvices.

SVP guaxe b the signd initiating the action of removing any dynamic synchronising state from a
concurrency tree and capturing the progress of completed threads within each family. The signd is
sent to anamed family of threads.

SV P lresk B the signa required to terminate a family of threads by one of the threads within tha
family.

SV Pkill Bthe signd required to terminate anamed family of threads.

OE tak gaph Bthe task grgph managed by the OE is the top-level partitioning of an gpplication It

describes the top-level families and is annotated with information on resource requirements and QoS
condrants.






