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EXECUTION ENGINE FOR EXECUTING SINGLE ASSIGNMENT PROGRAMS WITH
AFFINE DEPENDENCIES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application is a continuation-in-part application of co-pending U.S. Patent Application No.

12/467,485, filed May 18, 2009, and titled, “EXECUTION ENGINE FOR EXECUTING SINGLE
ASSIGNMENT PROGRAMS WITH AFFINE DEPENDENCIES” which claims the benefit of U.S.
Provisional Patent Application Ser. No. 61/130,114, filed May 27, 2008 and titled “EXECUTION
ENGINE”; which are both hereby incorporated by reference in their entireties for all purposes.

FIELD OF THE INVENTION
The present invention relates to the field of computer systerns, and m particular to the officiont

excoution of fine-grained parallel instructions,

BACKGROUND OF THE INVENTION

A typical general purpose computer 15 configured as a sequential instruction streara processoer, which
fetches instructions from memory, decodes, and executes these instructions. The sequential instruction
stream processers use encrgy very inefficiently with more energy consumed in the instruction
reanagement than 1o the actual excoution of the operation that the justraction represents. For exaraple,
modern goneral purpose x86 processors from intel or AMD only attain 10% of peak performance as
measured by the operational throughpot of the processor on roportant algonithms such as sparse matrix
solvers,

Furthermore, these sequential mstruction stream processors are very incfficient for fine-grained parallel
coraputation. In the aforementioned sparse matrix solver, performance requirements typrealily reguire

that thousands of processors are used concurrently. To coordinate exccution among groups of
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processors, mmch time and energy 18 wasted when sorne processors finush before others and

subsequently need to wait (o synchronize with the rest of the processors,

The algorithros for which the general purpose computer is becoming less and less efficient are of vital
mportance o science, engincering, and business, Furthermore, the exponential growth of data and
compuiational requiraments dictates that groups of processors are used o attain results in a reasonable
araoust of time. Many of the importard algorithras such as sigoal processing, solvers, statistics, and
data ymning, oxbibi hoc-grained paralicl structure. Mapping these algorithms on networks of general

puUrpese processors 18 becoming problematic in terms of size, oost, and power conswmption.

SUMMARY OF THE INVENTION

The present invention s an apparatus for the efficient execution of highly parallel finc-grain structured
computations. The apparatus 18 programmable to perform officient cxecution on g wide variety of such
sirpctured computations. Energy consampiion i a compuier s proportional to the number of
instructions gxccuted and data operands needed. In an cloctronic implementation of a computer, this
imphics that energy consumption 18 proportional to tirne and distance nstructions and data need 1o
travel. This invention generates a physical model of execution that honors apatial distances and the
imvention organizes the computation n such a way that contention arong instructions 18 managed

through a stmple quewing systen.

An apparatus i accordance with the present invention inchudes a processing element that receives data
tokens from a fabric of processing cleroents and matches these 1o mstruction tokerns onthe basisof a
spatial tag. This tag creates spatial relationships between computations to reflect energy and temporal
optirnizations the algorithmic designer mtended.

In some entbodimends, the processing clement fabric 15 supplied data tokens frorn g bank of data

streamers, which transform data structures that are stored in computer memwory o a stream of data

tokens,
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BRIEF DESCRIPTION OF THE DRAWINGS

The present invention may be undersiood with reference to the following drawings in which like
cleroents are indicated by Hike nurobers. These drawings are provided fo dlusirate selecied

embaodiments of the present invention and are not intended to Hoit the scope of the wvention.

F1G. 1 18 a block diagram of & generalized data flow computer system that eperates according 0 some
crabodirocnis,

Fi3. 2 18 a block diagram of a data streamer according to some cmbodiments.

Fi3. 3 18 a block diagram of the processor fabric according to some embodiments,

Fi3. 4 is a2 block diagram of the processing clement according to some embodiments.

FIG. SA demonsirates one particular eroboditnent of & data packet.

FIG. 58 demonstrates one particular erabodirocnt of a data token,

FIG, 5C demonstrates one particular erobodivocot of the justruchon token.

FI1G. 6. 18 a block diagram of one particular embodiment of the siruction store,

FI1G. 7A is an example of a single assignment form program for matrix-vector nnultiplication.
F1G. 7B shows the associated single assigoment graph in two dirnensions.

F1G. 8 illustrates a flowcharnt of g method of utilizing an cxecution engine.

DETAILED DISCUSSION OF THE INVENTION
The following discussion sets forth numercus specific details to provide a thorough understanding of
the invention. Those of ordinary skill i the art having the benefit ot thus disclosure will appreciate that

the invention may be practiced without these specific details, Various well known methods, procedures,
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cornponends, and circuits have not been described 1n detall in order to focus attontion on the foatures of

the present invention.

An execution engine executes single assignment programs with affine dependencies. Programs in
single assignment form (SAF) are algorithms that express the computation as a set of equations where
cach assignment refers to a unique identifier. Typical expressions of single assignment programs are
recurrence equations where the left hand side is interpreted as a unique identifier. Many algorithms
have natural expressions in single assignment form. For example, FIG. 7A shows an example of a
single assignment program for matrix-vector multiplication. FIG. 7B demonstrates the associated
single assignment graph, which is a data flow graph where nodes represent computations and edges

represent data movement.

A skilled operator in the field understands that single assignment programs and the terms “dependence
graph” and “reduced dependence graph” are interchangeable. Furthermore, in the compiler literature,
the definition of a control flow graph is well established. A control flow graph represents all paths that
might be traversed through a program during its execution. Thus, if a program includes a collection of
single assignment programs, they may communicate their inputs and outputs directly or indirectly. As a
compiler analyzes such a program, it represents this knowledge in a control flow graph. Again, a skilled
operator in the field understands that a program can be represented by a control flow graph and that the

terms represent the same entity.

Since the engine executes a collection of single assignment programs communicating potentially
through a Random Access Memory, then by the interchangeable nature of the terms “single assignment
program” and “reduced dependency graph,” and the a priori knowledge that a program is able to be
represented by a control flow graph, then it logically flows that a “domain flow program” is able to be
defined as “the reduced dependency graph of a set of coupled affine recurrence equations plus the
control graph that couples dependency graphs that originate and terminate in the Random Access

Memory.”

As described herein, the “program” is described as a “domain flow program” that represents the
computation through dependency graphs and domains of computation. From the operation of the

machine, it is clear that this machine executes on the basis of the data flow execution model, not the
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stored program model. It differs from the traditional data flow machine by the “program”
representation, which includes spatial tags that are interpreted as points in an abstract multi-
dimensional lattice. What makes a program a “domain flow” program is the representation of the “fine-

grain structured” computation in terms of dependency graphs and domains of computation.

Additionally, described herein is that the recurrence equations, and by equivalence, single assignment
programs, are valid only on their 'domain of computation'. As the fabric has a collection of these
domains active during operation, and the input of these domains 'flow' from a Random Access Memory,
through the fabric, to the Random Access Memory, this describes a flow of domains, or otherwise
stated, a domain flow. The program that represents this domain flow can thus be identified as a domain
flow program that includes a set of coupled affine recurrence equations, which can be represented by
reduced dependency graphs, with input domains that originate in Random Access Memory and
terminate in Random Access Memory. The description of such flows are important components in
compilers and the compiler literature uses the term 'control flow graphs' to refer to these descriptions.
Logically, these descriptions introduce the concepts of a domain flow program as a set of coupled
affine recurrence equations that the literature equates with dependency graphs or reduced dependency
graphs, and that are represented by a control flow graph that describes the coupling of these single

assignment programs and how these domain flows originate and terminate in Random Access Memory.

The same way a program is able to include a collection of subprograms, a single assignment program is
able to include one or more single assignment subprograms. By applying this subdivision on the
domain flow program recursively, it ends up with the nodes in the control flow graph, each equivalent
to some set of affine recurrence equations defined over a domain of computation. As described herein,
data tokens belonging to different recurrence equations are organized by their identifier, their domain of
computation, a signature update function, and a routing vector. Thus, the organization of data tokens in
terms of communicating affine recurrence equations that can be succinctly described by a domain flow
program is described including the concept of data tokens belonging to the same single assignment
equation as being disambiguated by their identifier and their index in the domain of computation. Also
described herein is the process of one or more processing elements producing output streams, which are
series of data tokens that belong to the same recurrence equation disambiguated by an identifier and

defined over a domain of computation.
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In Figure 7A, an example is given of a system of recurrence equations, which is equivalent to a coupled
set of affine recurrence equations as the recurrence equation defining the w recurrence is dependent, or
coupled, with the recurrence equation defining the v recurrence. Furthermore, the notion of dependence
graphs to represent these systems of recurrence equations is to capture the coupling between the
recurrence equations. If these equations were not coupled the dependence graph would include only of

nodes representing the single assignment recurrences.

Any program is able to be expressed in single assignment form. Programs with fine-grain structured
parallelism are most naturally expressed in single assignment form because single assignment form
algorithms are maximally parallel formulations that do not have any explicit sequencing to schedule
execution. This allows the execution environment to focus on how to manage resource contention. A
program in single assignment form contains a unique assignment for each operation. This is able to be
represented by a single assignment graph (SAQG) that contains a node for every operation and an edge
for every data movement. A computational event is defined as some operation taking right hand side

operands and computing the assignment on the left hand side of the equation.

Because of the himited speed of signal propagation, any two concurrent computational events are
separated either i tirac o 1n space. By erobedding a single sssiguroent form program in an ghstract
lattice, defined as a discrete subgroup of R” that apans it as a real vector space, an algorithm designer i3
able to specify spatial distance betwoeen dependent computations, Inn some embaodiments, the embedding
ts accomplished i an abstract orthonormal lattice. An ovthonormal Jatiice s defined by an orthonoraal
basis; all basis vectors have unit length, and their inner products are zers. The single assignment graph
i3 able to be ombedded 1o the lattice with the role that no dependent compuiational events are able io
reside at the same lattice point. This will assign cach computational cvent a unigue Iocation in the
lattice and separate dependent congrutations by physically separated lattice points, thus roaking explicit
the temporal separation for communicating the dependent operands. This unique location in the lattice
is called the signature of the coraputational ovent, and # s defined as the index vector identifying the
lattice poiut in the lattice. Other examples of appropriate lattices would be crystal groups and other
discrete samplings of space that are defined by some regular coll that generates a cover of space. There
are well defined mathomatical structures describing these samphings called lattice groups. Orthonormal

{attices are a subsect of these more peneral lattice groups.
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Atter embedding the SAG in some lattice, all program inputs and all computational events have an
explicit routing vector that defines bow results are delivered to the dependent computational events,
‘This routing vector is called the dependency vector since it specifics how computational instructions
depend on thetr 1oputs. The embedding 1o 4 spatial lattice allows the algorithro designer to incorporate
constraints such as distance and resource contention. Distance is very important for power cfficiency
and perforroance since both enorgy consuraption and time o communicate a dependent operand is
directly proportional to distance. Distance here 18 defined u terms of hops 1o a discrete routing network
so cach hop needs to go through at least one register thus consuming energy mwoportionally to the

numtber of hops.

The exccution engine described herein is an efficient execution engine for above-mentioned embedded

single assigroment programs embedded in an abstract spatigd lattice,

Referving frst to FIG., there is shown a block diagram of 2 generalized data How compuaier systom
that operates according fo some embodiments. The computer systemn 188 includes a memory 118 that
contains the data and the program to execnte. The voemory 118 18 able to be any appheable type of
memory. Execution staris by the controler 128 reguesting a program from the memory 188, The
cortdroller 126 presents a read roquest via bus 121 1o the mersory controller 134 which translates the
read request to a memory reguest and returns the data to the controller 128, This data countains the
prograrn nstructions 1o executc a single assignment prograra. The cordroller 126 decodes these
prograro instructions and iranslates them into programiming information for the streamers 148, and are
deliverad to the streamers 148 via a control bus 122, Concurrently, the controller 128 sends
progranuring inforoation for the processor fabric 164 through a command bus 123 to the crossbar 188,
‘The crossbar 188 delivers the programiming information including commands to the proper rows and
columns of the processor fabric 168 which reads these coromands and configures itself to execute the
single assignment program. Once the overall data path is set up, the controller 128 1ssues an event to
the stregmers 148 1o start. The mermory controlier 138 reccives read and write requests from the
streamers 148 and transforms them into memory requests. On read requests from the streamers 148,
datz is delivered by the memory controller 138 to the streamers 148 and forwarded to the crossbar 158,
The crossbar 158 rouies the data sirearos to the appropniate rows or columns 1 the processer fabnic

168, The processor fabric 168 reccives the incoming data streams, executes instructions on these
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strearas and produces output data streams. These output data strearas are written back to moemory 118
by traversing the crossbar 1588 to the streamers 148 that associate memory addresaes to the data
streams, and then present them to the memory controtler 138, which will write the data streams into
memory 11 Once the sirearpors wentity completion of the computational task, votifier cvents are sent
back to the controller 128 via the control bus 122, Command/event buses 123 and 124 arc used to
covorounicate interrupts and other ovents back to the controller 128 to sigual crvors, panics, and

operational information that the controller s able to use to internupt or otherwise stecr the computation.

Referring now to FIG. 2, there is shown a block diagram of a data streamer 148, A data streamer
crecutcs a siream program that assembles and/or disasserobles a data token stream. The process staris
by the controlier 128 decnding a single assignment program and transforming this program into stream
programs for the streamers 148, The controller 128 writes this stream program o the stregm prograrg
store 228 via a control bus 122, A stream program details how to caleulate request addresses and other
attributes such as size and type. The strearn program 18 executed by the processor 218, The processor
218 executes the stream program and produces memory coutroller commands which are writien into
the conunand data quene 288, As part of the same stream program, processor 218 alse produces the
associated token attributes recwrrence identifior, signature, and data type. Those atiributes are
consumied by the token assemibly unit 238, which combines these attributes with read data 268 that is
coming from the roemory controlier 138, to produce a data token stream that is written 1o the cross bar
158, Similarly, for data streams that come from the crossbar E38 and that need to be written back to
memory, the token disasscrobly unit 244 sirips the token sttributes recurrence 1dentificor, signature, and
data type from the meoming data token and writes ther in the strean program store 228 for further
processing by the processor 218, The token disassenbly unit 248 writes the data payioad of the data
token foto the write data gueue 276, Concurrently, the processor 218 executes a writo sirearn program
o generate the proper meamory write commands which are, with the write data, presented to the

memory controller 138,

Referring now to FIG. 3, the crossbar 138 provides an interconnection network to connect N data
streamers o M processing clements (PEy 318 in the processor array. The streamers 148 transform a flat
dats structure 1o mersory nte a muoltidimensional data stream 1o Hwe. The crossbar 1586 connects the

physical position of any streamer to one, many, or all physical positions of the processing clements i
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the processor fabric 168, The processor fabric 168 consumes these multidiracnsional data strearas and
connects them together inside the fabric under the control of the single assignment program that
controller 128 read from memeory and itnstalied in the processing elements of the processor fabric
through an nstruchion foken stream written on bus 123 that uses the crossbar 158 w0 connect to the
appropriate processing olements 318, The multidimensional data streams flow through the processing
clemends 318 and the processing clement routing vetwork 338, The PEs 318 process justruchon and
data tokens, Instruction and data tokens are able to be routed and stored in the PE 318 The single
assigrment program describes how data tokens corabine in some mult-dimensional space. The PEs
318 recognize the spatial tag ealled the signature of a computational event and take action under control
of the single assignment program instalied in thewr program store by controller 126, The action 18 o
coropare the siguatore of an jocoroing data token with the signatures of mstruction iokens that
accumtlate in the PEs 318 during execution, and extract the data token from the internal network 328 if
there is g match. The overall computation represented by the single assignment program evolves as the
muiti-dinensional data streanss match up within the processing clements 318 and produce potentially
new multi-dimensional data stroams, ropresenting intermediate results, which are propagated through
the routing network 328 to their computational event destination in the processor fabrie. Final resuht
data streams are streamed back o the crossbar 186 via the routing network 328 and the PEs 318 under
the control of the single assignment program stored in the PEs 318 The crossbar 138 presents these
data streams back to the appropriate streamers 148 which transform them mnto flat data structures again
that are able fo be written o memory 1. During the execotion of the single assignment program error
conditions are able to occur, or it may be of interest to observe processing events so that the controlier
124 is able o better manage the computation. Examples of program errors are floating point exeeptions
{ike underflow or overflow, tnstruction exceptions like division by zero, or panic events ke rescurce
depletion or time outs, Because the muting network 328 is able to be negatively affected by such
conditions and 1o provide better guarantees for delivery and handling of critical events, there iz a
separate communication network 338 for such ovents that 15 connected by a bidirectional bus 124 to the
controller 128, The bidivectional event bus 124 15 used by the processor fabric 168 and the controlier

128 to collect, aggregate, and steer the computation that is cvelving inside the processor fabric 166,



25

WO 2015/126495 PCT/US2014/067878

The structure of the processing cloment 318 15 depicted m FIG. 4. Betore the start of 2 computation in
the processor fabrie 168, the coniroller 128 writes control information regarding the single assigniment
program inte the PE's program store 449, The information written into the program store 448 includes
an identificr to disarobiguate recurrence cquations, a domain of computation on which the recurrence
equation s active, a signature update program, and a routing vector. The domain of computation is a
specification, typically a coustraiot set defined by a system of incgualities. Av example of such a
constraint set1s { (.3 | 1 <1 SN . This would be the domain of computation of the recurrence

cguation shown in FYG. 7. Tlus constraint sot 18 g svstem of four inequalities:

Fizd

3isN

4j<N

-1
-1 0 1 0}yfi} |1
o —1 0 1{j|~
N
This constraimt matrix and right hand side vector can be used as the normalized form to specify the
constraint st for some embodiments. This program information is delivered to the PEs 318 through
condrol packets that are wmjected futo the processor fabric 166 by the controller 128, The port arbiter 418
of cach PE 318 receives packets from the routing nebtwork 328, The port arbiter 418 selects one or more
packets from the network ports of the PE 318 and forwards these packets to the packet decoder 424,
The packet decoder 428 inspects the packet to determine f it contains programming or other type of
cortrol information. If the packet 18 g control packet, the packet decoder 428 sends the packet o the
controller 438 which oxtracts the control mformation and programs the different cloments of the data
path, in particular, the progran store 448 and the instruction store 458, The control and status
information s writien via the condrol bus 431, The program store 448 will veceive for cach recurrence

equation that is part of the single assignment program, an identifier, a specification of a domain of

10
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cornputation, 4 signature update specification, and a routing vector. Thus information defines some
athine recurrence equation which the PE 318 will help execute. In general, the recurrence eguation
execuics on multiple PEs 318, so 1t 18 more natural to state that the recurrence cquation exgocutes on the
processor fabric 168, After the controlior 1286 18 done progravoming the processor fabric 168, execution
is able to commence. The execuiion starts with the data streamers 148 injecting the first data packets
fnto the processor fabric 186 (via the crossbar 1586). When data packets arrive on network ports of ¢ PE
318, the packet arbiter 418 selocts one or more packets and forwards them to the packet decoder 428,
The packet decoder 428 mspects the packet to determine 1t 18 & data packet that belongs to a
compuiation that executes on that particular PE 318, 111t does, the packet decoder 428 extracts the
rauting vector of the packet. If the routing vector is not null, the packet decoder 424 forwards the
packet to the packet router 438, The packet router 428 coroputes the poxt log 1o the route, updates the
routing vector of the packet, and presents the updated packet to the port arbiter 418 to be mmjected back
in the routing network 328, I the routing vector is mull theo the packet decoder 438 sends the data
token to the instruction store 458, The mstruction store 458 cxtracts the instruction tag from the data
token and assigns the data payload to the appropriate operand slot in the associated justruction stored
and pendiog in the instruction store 488, or it allocates a now instruction if this s the first data token
received for this particular computational event. When a pending instruction has received all its
operands, the instruction store 438 will deallocate the instruction from the pending instruction list and
queue the insiruction token for execution by sending it {o the token disassembly unit 469, The
fnstruction foken imcludes the instruction opeode, the variable wentifier of the recurrence equation, the
signature of the computational event this instruction reprosents, and the constituent operands. The
token disassembly unit 464 oxiracts the siguature from the fostruction foken, and sends the sigoature
with the variable ideutifier to the signature pipeline 478, The signature pipeline 478 looks up the
variable wlentifier in the program store 448 to retrieve the signature update program to apply to the
signature. The signature update program is a siraple affine transformation on the incoming signature,
which as indicated in the general description section, 15 able fo be interpreted as g spatial index vector
in some abstract lathce. The signature prpcline 478 applics this affine rausformation to the mcoming
signature to produce a new signature. This new signature is forwarded to the token assembly unit 494

Concurrently with the execution of the signatore pipeline, the value pipehine 488 cxocuies the

11
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fnstruction to gencrate g new (oft hand side value, The token disassombly unut 468 oxtracts the
fnstruction opeode and operands frov the instruction token and forwards that to the value pipeline 488,
‘The value pipeline 488 cxecutes the mstruction and forwards the result to the token assembly unit 496,
The tolen assembly unit 494 takes the output of the signatore pipeline 478 and the output of the value
pipchine 488 and constructs a new data token. It checks the signature of this new data token against the
domain of computation for ths recurrence equation, aud ioside the dovoain, it scods the data token o
the packet router 428, If the routing vector 1s not the null vector, the packet router 428 embeds the data
token mto g packet and forwards that to the port arbiter 418 to be mjected back into the routing network
328 under the control of some arbitration policy. Exaniples are first-come-first-served, or priority based
schemes to iroplement quality-of-service guarantees. I the routing vector of the data token 15 null, it
fplies that the data token s recirculating inside the current PE 316 and the packet router 425 sends the

datz token to the instruction store 438 where i is matched up with an mstruction.

Referring to FIG. 5A, there is shown one possible embodiment of the structure of dats packets 516
flowing through the routing network 328, Data packets 318 flow through the routing network to deliver
data values to the PEs 318, In this embodiment, the data packet 818 inchudes a packet identificr 811, a
goeue wWdentifier 819, a stream identifier 812, a recurrence equation identifier 513, a data type 514, a
signature 515, a data value 516, and a routing vector 817, The packet identificr 11 is a debug feature
to help identify any coroputational ervors. During the execution of a single assignment progrars on the
fabric, thousands of packets are able 1o be in the system at any point in tune. To be able to identifv a
specific packet 1o this collection requires that & unique wentifier is carried. Thus information would be
akin to debug information and instructions that are injected in the fnstraction stream of an instruction
stream processor by its compiler to help debug functional probleras in the code. Durimg execution of

release code, this unique packet dentifier would not be part of the data packet,

Still referring to FIG. 54, this exemplary data packet 31 s able to be used in a 2-dimensional
processor tabric executing 4-dimensional single gssignment programs, The 2-dimcosional processor
tabric would determine that the ronting vector 517 1s Z-dimensional and represents a Manhattan route
3 the destination PE 318, As described in the operation of the PE 31€ a non-null routing vector would
be detected by the packet decoder 428 and forwarded 1o the packet router 425 {0 be routed to the next

PE 318 in the route. The 4-dimensional single assignment program wonld manifest itself in the

12
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signature 515 to be g d-vector representing the 4 indices of 4-dimensional space. The signsture 518
combined with the recurrence identifier 313 are very fmportant in program execution according to the
present inverntion. The recurrence identificr $13 and signature 818 uniguely identify one computational
event w the single assignment prograro. The result of that coraputational event is stored 1o the data
value slot 816, and 15 type 18 identified by the data type 314, To deliver the result to the next
coraputational event i participates 1, the network rouies the data packet via the routing vector 817, and
uses the queue identificr 319 to help the packet routers 425 in the PHs 3186, Hach recarrence equation
gets assigned g unique guene 1D by the compiler, which cnables the packet rounters to quickly queue
incoming data packets with minimum decode hardware. Given the fact that in a fully active 213 routing
mesh there are four concurrent incoming packets, the pressure on the fromt-ond of the PE 318
significant. By carrying some of the queue information 1 the dats packet, the hardware complexity of
the packet router in the PE 318 is reduced. Finally, the stream identifier 812 {5 used to associate a data
packet to a flat memory data structore. When the data strearoers 148 generate roultidimensional data
streams from a flat memory data structure, the signature wdentifics the Ipcation within the data structure
but the stream identifier 512 15 necded to dentify the data structure. This 18 akin o base addresses used
in instruction stream processors where the program that execntes on a memory data structure s
specified relative to g base address, The stream wlentifior 512 enables the data streamers o properly

identify where the data packet comes from and where it s going (o in memory.

Wow referring to FHG. 38, there 1s shown one possibie embodiment of the structure of a data token 528
that would be used with the data packet depicted n FIG. SA. Data tokens 328 carry the munimum
fnformation needed for the instruction store 438 to wdentify which instruction this data elewent belongs
0. As 18 able 1o be scon by comparing FYG. SA and FIG. 58, the data token 528 1 completely contained
within the data packet 818, The wdividual fields in the data token are the sarne ficlds as deseribed
the data packet description above. This is a common structure among different embodiments since the
data packets are really routing vocchanisms to deliver dats tokens throughout the processor fabric 164,
By using the same structure between data packets and data tokens, the data tokens are able to be
quickly asserrbled and disassembled, which reduces hardware complexity and fraproves performance
both in terms of power as well as throughput and latency. The structure of the data token determines the

detailed operation of the instruction store 438, which 1n many ways is able to be seen as the core
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cortrol mechanism that enables execution of arbitrary single assignment programs arising from systoms
of affine recurrence equations. The instruction store 458 organizes data tokens and assembles and
organizes instruction tokens pending cxecution. The instruction store 430 embodiment that belongs
with the data token structure 828 as depicied w FIG. 5B is shownn FIG. 6.

,,,,,

Referring to FHG. 6, data tokens arrive at the data tolen disassembly anit 618, The data token
disasscmnbly unit 618 extracts the different fields of the data token. To identify the mstruction to which
this dats token must be dehvered, the data token disasserobly untt 618 exiracts the recurrence wentifier
513 and the signature 315 from the data token and sends that to a lookup unit 828, The lookup unit 626
queries the program store 448, shown in FIG. 4 o retrieve the mstruction fnformation, The lookup unit
628 constructs an instruction tag $25% by simply combining the recurrence identifier 313 and the
signature 515, This is g unique identifier for the computational event that this datg token participates in
Additionally, the lookup unit 628 also recetves information from the program store 44§ about the slot
location the data token occupies in the fostruction. This information controls the slot assignment voit
634, which receives the data type 514 and the raw data value 518 from the data token disassembly uoit
and routes this to the appropriate slot in the pending instruction. The last function the lookup unit 628
performs is the construction of an mstruction header 681, which contains information aboul bow
manage the pending instruction in the pending instruction token store 634, Now referring back to FIG.
30, there s shown an eroboditoent of ap fustraction token that 1s managed 1 the pending 1nstruction
tokeen store 658, The instruction header 651 incindes the instruction opoode 831, the slot cover 532, and
the slot occupancy field 533, The mstruction opeode 531 15 g ficld that controls the functional units
the vahie pipeline 488, H encodes the type of operation that neads to be applied o the operands.
Examples are the typical functional unit operators such as ADD, MULTIPLY, or DIVIDE, or any logic
operations such as MASK, BIT TEST, or SHIFT. The slot cover field 832 specifies how many
operands the instruction requires. For example, for simple instructions, a single input oporand 18 able to
be ysed whereas for more complex 1nstructions, a typical three operand structure i3 used. The slot cover
ficld 832 and the slot occupancy field 833 work together in the pending instruction token store to
determuine 1f an jostruction hes recetved all s operands. The process that is used starts with the lookup
unit 628 composing an insiruction fag 625 and sending it to the tag CAM 648, The tag CAM 4Bl is a

cortent addressable memaory that is addressed by these fostruction tags, When the tag CAM 640
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indicates a nuss, this implics that the instruction has not been yot allocated 1w the tag CAM 648, and on
a miss, the tag CAM 640 will aliocate a pending instruction. If the tag CAM 648 indicates a hit, this
implics that there 15 a ponding nstruction o which the data token is able to be deliverad. The tag CAM
644 provides a poinder indo the pending instraction token store 658 to the storage associated with this
pending mstruction. The lookup unit 628 provides the instruction header 651 as proviously described,
and the slot assigronent unit writes the data token value 1oto the approprate slot 1o the pending
fnstruction. Farthermore, 1t will update the slot occopancy field 833 and compare it to the required slot
cover 532, Hthe two are egual, all operands have been received and the instruction 18 ready for
execution. The instruction tag 625 and the pending instruction 845 mchuding ficlds 681, 834, 835, and
535, are send to the instruction token assembly unit #88, which will construct the instruction token 536
as shown wn FIG. 530, The jostruction token asserobly voi 668 will forward completed 1nstruction

tokens to the execnts units, starting with the token disassembly unit 468, as depicted in Fi3. 4,

FIG. ¥ illustrates g tlowchart of a method of nithzing an oxecution engine, In the stop 888, g program
is requesied from a memory by a controller mecluding presenting a read request (0 a memory controller
which translates the road request to a memory request and returns data to the controiler. The data
cordaing prograro msiractions 1o execute a single assignment prograva, In the step 882, the program
instractions are decoded mto programming information and transiated and delivered to data streamers.
o the stop 884, the programomng information s sent to 8 crossbar, Tu the step 886, the programming
information is delivered from the crosshar (o a processor fabric. In the step 888, the programming
information 18 read, and the processor fabric 1s configured o execute the single assignroent program.
In the siep 814, an event s issued from the controller to the streamers to start sending data streams once
an overail data path 1s set up. In the stop 812, read and write requests are reccived from the streamers,
and the read and write requests are transformed o roemory requesis at the memory condroller. o the
stop ¥4, data streams are routed by the crossbar to rows or columns in the processor fabric for
excouting fostruchions on the streams and producimg output data strearss, wherein the output data
streams are written © the memory by traversing to the crossbar to the streamers that associate memory
addresses o the datg streams and then prosent the data strearns to the mernory controlicr which writes
the data streams into the memory. In the step 816, notifier ovents are sent to the controiler once the

strearaers whentify completion of a computational task,
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To utilize the execution engine, & uscr nputs and/or Initiates g prograrg to the cxecntion cngine, for
example if the execution engine is uplemented in a computer. The execution engine then executes the
program as described above. Depending on the program, the program outputs a desired result. For
erample, Wthe user wants o perform a coroputationally cornplox mathematical equation, the output

after the exccution engine executes is the rosult of the cquation.

Inn operation, by organizing the cxecution of the single assignmoent program in the form deseribed
heren, the execution cogiog has solved wany problems encountered when nsing an mstruction
sequence processor. There 1s no instruction pointer that guides the execution. The execution enging 18
completely data driven. When data elements becorae avarlable they irigger dependent coraputations,
Thus, the cxecution ¢ngine functions ke a data flow machine. However, in a data flow machine, there
is no spatial structure to take advantage of since the lookup 1s done on the basis of flat memory
addresses. The second problem with the traditional data flow machine is that the CAM that holds the
pending frstructions needs to be very large to be able to execute g large scale program. Content
addresasble memories become less power efficient and slower when they becore larger, The CAM has
bieen the traditional bottleneck in a data flow machine because it cannot compete on porformance with
an MSHUcHoN 80quenee Processor using a von Meumann archiecture. The oxccution cngine melndes
spratial constraints added to the specification of the computation that the architecture honers, and thus
energy consiraings are able to be be captured in the program. Furthermore, the spahial constrainis allow
distribution of the CAM across all the processing clements, and thus the architechure scales again in
forms of concurreney, As an example, a small mstance of the execution engine 15 abic to integrate 4096
processing elements on a single chip. Each wmstruction store in the processing elersents could contain
64 pending mstructions for a total concurrency of 262144 mstractions 1n g single chip. Typical
CORCHITCHCY rocasures 1 & 4 core chip roulli processor are of the order of 108, and even highly paraliel
256 processor graphics processing units are limited o concurrency measures of the order of 10000

With the excoution cogive, the ability to manage vasts amount of concurrency is unparalicled.
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Core Engine

The basic execution method for domain flow programs, which are expressed as systems of affine
recurrence equations is described herein. The recurrence is a mechanism to express the evolution of a
complex calculation. Furthermore, the placement of the individual computational events in an abstract
index space allows an algorithm designer to incorporate space and time constraints in the algorithmic
expression. The nature of the Knowledge Processing Unit (KPU) core engine is that it allows the
faithful execution of those fine-grain space and time constraints even under conditions of resource
contention. The resource contention resolution of a von Neumann machine uses Random Access
Memory to serialize intermediate results so that a computational sequence can share computational
resources. In contrast, the KPU core engine described herein provides a bounded physical, but logically
infinite computational fabric, and maps the recurrence on a path of computational resources in the
fabric. Thus, the core engine represents the apparatus which can execute these systems of affine
recurrence equations, honoring space-time constraints by interpreting the recurrence indices as
locations in space-time, and the affine dependencies as physical communications between
computational events which are mapped to a functional unit in the fabric. The application of this new
method of execution for fine-grain parallel algorithms provides new opportunities to refine and

optimize the method and apparatus for broader, or more specialized applications.

Instruction Set Architecture, or ISA

A typical system of recurrence equations will use a very small set of operators, that might radically
differ between algorithms. For example, an algorithm for a Finite Difference Method, or FDM, might
only need floating point ADDs and MULTS, potentially at different accuracies, whereas an algorithm
for a Bloom filter for genomic read sequence renormalization or assembly, requires an instruction set
including hashing functions over strings of a 2-bit alphabet. The energy dissipation between these two
instruction sets would be wildly different, thus providing opportunities for value creation by
specializing the ISA of the KPU tailored to classes of algorithms. In particular, ISAs centered around
hashing would do well in genomics/proteomics, but hashing is also key in security applications, and
database applications. For FDM, FEM, and FVM, instruction sets optimized for interpolations and

resampling would optimize performance per Watt. Signal processing, image processing, and sensor
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processing would all benefit from custom ISAs.

Input/Output path

As the KPU provides better performance per Watt as compared to multi-core and many-core Stored
Program Machines, or SPMs, it will frequently be used for real-time processing of signal processing
paths. Power efficiency is important in these applications, as is the ability to match processing time
with data input rates. This means that there will be opportunities to optimize the data path between
sensors or networks or devices to directly feed into the streamers of the KPU. Secondly, the streamers
also orchestrate the serialization of input, intermediate, and output data to and from Random Access
Memory, or RAM. When this RAM is of the dynamic type, that is DRAM, access patterns of said
DRAM favor page locality. This provides an opportunity to imbue the streamers with page awareness,
so that caching is able to be used to accumulate page coherent data for more efficient writeback to
DRAM, or for more efficient input stream generation from DRAM to fabric streams. Thirdly, for
certain data structures, in particular, vector and matrices, dense and sparse, as well as trees and lists, the
structure of those data structures provide a rich ground for micro-architecture optimization. For
example, a matrix descriptor is used by the streamers to derive data streams to and from memory. For
sparse matrices, special index structures are used, to minimize memory bandwidth and thus maximize
performance for a given DRAM technology. Fourthly, when we have specific functional unit micro-
architectures, such as SIMD units that can do four floating point operations per instruction, the data
stream should match that capability. This means that the streamers work in concert with the micro-
architecture of the functional units. SIMD floating point units are one example, string and hash
operators in text or genome/proteome algorithms would also provide new opportunities for

optimizations.

Algorithms

As each algorithm needs to be transformed into a system of affine recurrence equations, and clever
spatial placements and alignments of the domains are important for good performance, each new
domain flow algorithm has the potential to be a method and apparatus to solve that problem. Since a

domain flow program really is a physical embedding, it represents an apparatus. Intricate space and
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time constraints could make one system of recurrence work well and another, functionally the same,
perform poorly. Secondly, algorithms would also combine with ISAs and 1/O optimizations for very

unique and optimized machines.

Compilation and Scheduling optimizations

Given a system of affine recurrence equations, the compiler analyzes the amount and structure of the
concurrency inherent in the algorithm. This is used to select good time schedules and low contention
spatial allocation on the fabric. Simple algorithms are able to be used to select space and time
projections. The core algorithms are able to be highly parallel and allow selection of simple linear
combinations of the dependency vectors. More complicated, phased execution patterns are able to be

used, for which these simple methods are not sufficient for completely automated compilation.

Processing elements (PEs)

The PEs of the KPU are small processors including a CAM, an instruction scheduling/dispatch queue,
one or more functional units, and a router that is able to generate affine routing vectors. The PE micro-
architecture has many opportunities for continued innovation. For example, clever SIMD functional
units for floating point, integer, and string operations, and instruction chaining where results are
forwarded to other functional units without the need to go through the CAM or router. This is
particularly interesting for composite instructions, such as, hashing functions, linear interpolations, or
lerps, and other higher order functions useful in FVM, FEM, FDM, and BEM. Discrete event
mathematics such as Lattice Boltzmann Methods, or complex approximation techniques used in FMM,

are interesting methods and machines.

Processing fabric

The processing fabric can exhibit global functional operators, such as broadcasts, and reductions, such
as Fetch-and-Add and similar methods. These global operators would be driven by instruction sets that
are managed and maintained by the fabric, not the individual processing elements. Secondly, as the
ability to integrate larger and larger fabrics with potentially tens of thousands of processing elements,

the need for fault tolerance of processing elements and the fabric increases. Since
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an important aspect of the core KPU engine is that locally, fine-grain dependencies are invariant to the
resource contention demands of the input data set, dealing with PE failures is going to be difficult and
thus solutions to the fault tolerance problem would be significant innovations. BIST testing and
reconfigurability techniques to identify, and isolate, faulty processing or storage elements is applicable
to the KPU chips. In some implementations, instead of one big KPU fabric, a chip is made up of many,
smaller fabrics that is able to efficiently communicate data streams to each other. This would also be a
micro-architecture organization to optimize multiple communicating kernels where each kernel would

optimize space, time, and ISAs for the fabric and processing elements.

Program storage and management

The density of a domain flow program is very high. That is, very large and intricate parallel
computations can be expressed in a hundred bytes or less. As more complex applications would chain
multiple of such parallel kernels, the micro-architecture optimizes to chain and cache these program
descriptions. Caching would be used to efficiently recall a previous kernel, and chaining would be used

to avoid having to serialize intermediate data to and from memory, thus improving performance.

Circuits

Power management techniques that identify idle subsets of the fabric could shut down these resources
to lower operating power consumption. Secondly, the core KPU engine is a data driven engine, so it
could be implemented as a pure asynchronous execution pipeline. Micro-architectural implementations
around signal settling Muller C-element pipelines or micro-pipelines could offer low power

implementations of the KPU in embedded applications.

Field Programmable Gate Arrays

As a domain flow program concept provides an opportunity to optimize the ISA of the processing
elements and the fabric, FPGA implementations of the KPU would make it possible to switch fabrics
and instruction sets during the execution of the application. This could lead to workload-optimized

servers and embedded processors.
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The present invention has been desceribed i terros of specific embodiments neorporating details to
facilitate the understanding of principles of construction and operation of the invention, Such reference
herein to specific embodiments and details thereot is not intended to limit the scope of the clainms
appended hereto, It will be readily apparent to one skilied i the art that other vanious modifications
may be made in the embodiment chosen for iHhastration without departing from the spirit and scope of

the mvention as defined by the claims,
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CLAIMS

What is clatmed is:

1A computing device comprising:
{a} a momory for storing data and a domain flow program;

(b} a controlier for reguesting the domain tlow prograr from the mersory and further for translating the
demain flow program into domain flow programming information;

{c} a processor fabric for processing the domain flow programming information via one or more
processing olemenis that match data tokens belonging o 2 same single assignment equation specified
the domain flow program, wherein the processer fabric is further configured for execution of fine-grain
parallel algorithms; and

{dy a crossbar for sending the data fokens and the domawn flow programiming wiormation to the
processor fabric,

2. Fhe device of claim | wherein the processor fabric processes an imstruction set architecture
configured for a specific class of algorithms.

3. The device of claim 2 wherein the specific class of algorithms coraprise hashing algorithras,

4. The device of claim 2 wherein the specific class of algorithms comprise optimizations for
nterpolations and resgmpling.

5. The device of claim 1 further comprising data strearvers configured for sending data strearos to the
crossbar.

6. The device of claim 5 wherein the data streamers have page awareness so that caching 18 used to
accamulate page coherent data for efficient writeback to BRAM or for efficiont input stream generation

from DR AM 1o fabric streams.,
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7. The deviee of claim 5 wherein a matnix descriptor 18 used by the data streamers to derive dats

streams to and from the memory.

8. The device of claim 7 wherein for sparse matrices, index structures are used to minimize memory

bandwidth and maximize performance for s DRAM.

8. The device of claim 5 wherein the controller is further configured for requesting the domain How
program inchuding prosenting a read request to a memory controller which translates the read request to
a memory request and returns the data to the controller

1. The device of claim 1 wherein the dafa contains program instructions to execute 4 single
assignment program.

11.The device of claim 5 wherein the controlier is further configured for delivering the domamn tlow
progravaming informaton to the data streamers.

12 The device of claim 5 wherein the controller is further configured for issuing an event to the data
strearaers o start once an overall data path s set up.

13.The device of claum § wherewn the crossbar s further configured for routing data stresros to rows or
cohumns in the processor fabric,

14.The device of claim 13 wherein the processor fabric s further configured for producing output data
streams.

£5. The device of clain 14 wherein the output data streams are writien {o the memory by traversing
through the crossbar to the stroamers that associate memory addrosses o the data streams and
whercupon the data streams are presented o the memory controller which writes the data streams indo
the memory.

14, The device of claim 15 wherein the data streamers are further configured for sending notificr

events to the controller once the sirearuers wWentity completion of a computational task.

F7.A computing device comprising:

{a3a mevoory for stoving data and a domain flow program;
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(b memory cortroller for communicating with the memory and for receiving read and wiite requests

and transforming the read and write requests into memory requests;

{cia controller for requesting the domain fow program and the data from the memory and further for

translating the domain flow program mto progranuming nformation;

{dYa processor fabric for processing the programmung nforroation and for producing ouiput data
Streams via one or more processing clements that mateh data tokens, wherein the processor fabric is

further configured for execution of finc-grain parallel slgorithms;
{eya crossbar for sendivg the data tokens to the processor fabrie; and
{fydata streamers for sending data streams (o the crosshar,

18.The device of claim 17 wherein the processor fabric processes an instruction sef architecture

contigured for a specific olass of algorithms,
19. The device of clain 18 whorein the specific class of algorithros comprnise hashing algorithms,

20.The device of clatm 18 wherein the specific clasa of algorithrs comprise optinmizations for

interpolations and resampling.

21.The device of olaim 17 wherein the dats streamers have page awareness so that caching is used
accumnulate page coherent data for efficient writeback to BRAM or for efficient input stream gencration

frorn DR AM 1o fabric strearss.

22.The device of claivn 21 wherein a matriz descriptor is used by the data streamers to derive data

streams to and from the mewory.

23.The device of claim 22 wherein for sparse mairices, index structures are used {0 minimize memory

handwidth and maximize performance for a DRAM,

24 A method comprising:

(a3 requesting data comprising program instructions 0 execute a domain flow program from a mamory

by a controlier;
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{b} decoding and translating the program mstructions inte progranumng information in the condrolicr,

and delivering the programming information o data streamers;

{cy transferring the programuming information o a processor fabric comprising a plurality of processing

clements;

{d) configuring the processor fabric to execute a single assignment prograra defined by a coupled st of
affine recurrences equations based on the programming information, wherein the processor fabric is

further configured for execution of finc-grain parallel slgorithms;
{e) routing data sirearns to, within, and out of the processor fabrig; and

(£} executing instructions on matching data tokeus belonging (o a same single assignment cquation

specified n the domain How program.

25.The method of claim 24 wheremn the processor fabric processes an instruction st architecture

configured for a specific class of algorithms,

26.The method of claim 25 wherein the specific class of algorithms comprise hashing algorithms.
27.The mothod of claira 25 wherein the specitic class of algorithras comprise optitaizations for
nterpolations and resampling.

28. The method of claim 24 wherein the data streamers have page awareness so that caching is used to
accuroulate page coherent data for efficicnt writcback 1o DRAM or for officiont input stream generation
from DRAM o fabric sirears.

28 The method of claim 28 wherein a matrix descriptor is used by the data streamers to derive data
strearns to and from the memory.

34 The method of clai 29 wherein for sparse wairiccs, jndex structures are used 0 nimize memory

bandwidih and maximize performance for a DRAM.
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FIG. 5A: POacket Example
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FIG. 7A: System of recurrence equations
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