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(57) ABSTRACT 

A method for specifying stateful, transaction-oriented sys 
tems is provided. The method initiates with designating a 
plurality of primitive FlowModules. The method includes 
defining at least one FlowGate within each of the plurality of 
FlowModules, wherein each Flow Gate includes a non-inter 
ruptible sequence of procedure code, a single point of entry 
and is invoked by a named concurrent call. An Arc is desig 
nated from a calling FlowGate to a called FlowGate and a 
Signal is generated for each named invocation of the called 
Flow Gate. A Channel is defined for carrying the Signal. 
Methods for synthesizing a semiconductor device and routing 
signals in the semiconductor device are provided. 
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METHOD FOR SPECIFYING STATEFUL, 
TRANSACTION-ORIENTED SYSTEMIS FOR 
FLEXBLEMAPPING TO STRUCTURALLY 

CONFIGURABLE IN-MEMORY PROCESSING 
SEMCONDUCTOR DEVICE 

CLAIM OF PRIORITY 

0001. The present application is a divisional application of 
U.S. application Ser. No. 1 1/426,882 filed Jun. 27, 2006, and 
claims priority under 35 U.S.C. S 119(e) from U.S. Provi 
sional Patent Application No. 60/694,538, filed Jun. 27, 2005, 
U.S. Provisional Patent Application No. 60/694,546, filed 
Jun. 27, 2005, and U.S. Provisional Patent Application No. 
60/694,537, filed Jun. 27, 2005, all of which are incorporated 
by reference in their entirety for all purposes. The present 
application is related to U.S. Pat. No. 7,676,783 issued Mar. 9, 
2010 (Atty Docket ARITP001) entitled APPARATUS FOR 
PERFORMING COMPUTATIONAL TRANSFORMA 
TIONS ASAPPLIED TO IN-MEMORY PROCESSING OF 
STATEFUL, TRANSACTION ORIENTED SYSTEMS, and 
U.S. Pat. No. 7,614,020 issued Nov. 3, 2009 (Atty Docket 
ARITP003) entitled STRUCTURALLY FIELD-CONFIG 
URABLE SEMI-CONDUCTOR ARRAY FOR 
IN-MEMORY PROCESSING OF STATEFUL, TRANSAC 
TION-ORIENTED SYSTEMS, each of which are incorpo 
rated by reference in their entirety for all purposes. 

BACKGROUND 

0002 System on a chip (SOC) implementation is pre 
dominantly based on design capture at the register-transfer 
level using design languages such as Verilog and VHDL. 
followed by logic synthesis of the captured design and place 
ment and routing of the synthesized netlist in physical design. 
Current efforts to improve design productivity have aimed at 
design capture at a higher level of abstraction, via more algo 
rithmic/system approaches Such as C++, C, SystemC and 
SystemVerilog. 
0003 AS process technology advances, physical design 
issues such as timing closure and power consumption man 
agement have dominated the design cycle time as much as 
design capture and Verification. Methodology advances cur 
rently in development and under consideration for adoption 
using higher levels of abstraction in design capture do not 
address these physical design issues, and manufacturability 
issues. It is recognized in the semiconductor industry that 
with process technologies at 90 nm and below, physical 
design issues will have even more significant cost impacts in 
design cycle time and product quality. 
0004 CAD tools for placement and route of synthesized 
logic netlists have delivered limited Success in addressing the 
physical design requirements of deep Submicron process 
technologies. To take full advantage of deep Submicron pro 
cess technology, the semiconductor industry needs a design 
methodology and a Supporting tool Suite that can improve 
productivity through the entire design cycle, from design 
capture and Verification through physical design, while guar 
anteeing product manufacturability at the same time. It is also 
well-known in the semiconductor industry that SOC imple 
mentations of Stateful, transaction-oriented applications 
depend heavily on on-chip memory bandwidth and capacity 
for performance and power savings. Placement and routing of 
a large number of memory modules becomes another major 
bottleneck in SOC physical design. 
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0005. Another important requirement for an advanced 
SOC design methodology for deep Submicron process tech 
nology is to allow integration of on-chip memory with Sig 
nificant bandwidth and capacity without impacting product 
development schedule or product manufacturability. High 
level design capture, product manufacturability, and Support 
for significant memory resources are also motivating factors 
in the development of processor-in-memory. Processor-in 
memory architectures are driven by requirements to Support 
advanced software programming concepts such as virtual 
memory, global memory, dynamic resource allocation, and 
dynamic load balancing. The hardware and software com 
plexity and costs of these architectures are justified by the 
requirement to deliver good performance for a wide range of 
Software applications. Due to these overheads, multiple pro 
cessor-in-memory chips are required in any practical system 
to meet realistic performance and capacity requirements, as 
witnessed by the absence of any system product development 
incorporating a single processor-in-memory chip package. 
0006. There is thus an added requirement for cost effective 
SOC applications that resource management in processor-in 
memory architectures be completely controllable by the 
designer through program structuring and annotations, and 
compile-time analysis. It is also important to eliminate all 
cost and performance overheads in Software and hardware 
complexity attributed to the support of hierarchical memory 
systems. Based on these observations, there is a need in the 
semiconductor industry for a cost-effective methodology to 
implementing SOCs for stateful, transaction-oriented appli 
cations. 

SUMMARY 

0007 Broadly speaking, the present invention fills these 
needs by providing a method and apparatus for performing 
in-memory computation for stateful, transaction-oriented 
applications. It should be appreciated that the present inven 
tion can be implemented in numerous ways, including as a 
process, an apparatus, a system, or a device. Several inventive 
embodiments of the present invention are described below. 
0008. In one embodiment, a method for specifying state 
ful, transaction-oriented systems is provided. The method 
initiates with designating a plurality of primitive FlowMod 
ules. The method includes defining at least one FlowGate 
within each of the plurality of FlowModules, wherein each 
FlowGate includes a non-interpretable sequence of procedure 
code, a single point of entry and is invoked by a named 
concurrent call. An Arc is designated from a calling Flow Gate 
to a called Flow Gate and a Signal is generated for each named 
invocation of the called Flow Gate. A Channel is defined for 
carrying the Signal. 
0009. In another embodiment, a method for synthesizing a 
stateful, transaction-oriented system for flexible mapping to a 
structurally field-configurable semiconductor device having 
a multi-level array of Storage elements, for in-memory pro 
cessing is provided. The method initiates with mapping Flow 
Logic to a network of FlowVirtualMachines (FVM). A Flow 
Module is mapped into a corresponding FlowVirtualMachine 
(FVM) and one or more FVMs are integrated into an Aggre 
gateFVM (AFVM). One or more AFVMs are composed into 
a FlowTile, and Signals are routed between FlowModules. 
0010. In yet another embodiment, a method for routing 
FlowLogic Signals over a structurally configurable 
in-memory processing array is provided. The method initiates 
with configuring a pool of memory resource units into corre 
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sponding OutputBuffers, CommuteBuffers and Chan 
nelMemories, the pool of memory units shared with a Flow 
LogicMachine. A producer-consumer relationship between 
the corresponding OutputBuffers and CommuteBuffers is 
configured and a producer-consumer relationship between 
the CommuteBuffers and VirtualChannels residing in the 
ChannelMemories is configured. Producer-consumer rela 
tionships between the OutputBuffers and VirtualChannels 
residing in said ChannelMemories are configured and pro 
ducer-consumer relationships between the CommuteBuffers 
and neighboring CommuteBuffers are configured. 
0011. In still yet another embodiment, a method for 
debugging a stateful, transaction-oriented runtime system 
having a multi-level array of Storage elements is provided. 
The method includes instructing the stateful transaction ori 
ented system to pause and instructing the Stateful transaction 
oriented System to single step until a given point. Information 
for selected Flow Gate invocations is tracked and areas within 
the multi-level array of storage elements are queried for the 
debugging session. 
0012. Other aspects and advantages of the invention will 
become apparent from the following detailed description, 
taken in conjunction with the accompanying drawings, illus 
trating by way of example the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 The present invention will be readily understood by 
the following detailed description in conjunction with the 
accompanying drawings, and like reference numerals desig 
nate like structural elements. 

0014 FIG. 1 is a high-level simplified schematic diagram 
of flow modules in accordance with one embodiment of the 
invention. 

0015 FIG. 2 is a simplified schematic diagram illustrating 
the data path of a compute element of a tile in accordance with 
one embodiment of the invention. 

0016 FIG. 3 depicts the notion of Flow Tunnels in accor 
dance with one embodiment of the invention. 

0017 FIG. 4 is a simplified schematic diagram illustrating 
a logical view for the execution of a FlowModule in accor 
dance with one embodiment of the invention. 
0018 FIG. 5 is a simplified schematic diagram illustrating 
the ability to aggregate several flow modules into one aggre 
gate structure in accordance with one embodiment of the 
invention. 

0019 FIG. 6 is a high-level schematic diagram illustrating 
a tile that Supports a corresponding set of virtual processors in 
accordance with one embodiment of the invention. 

0020 FIG. 7 is a high-level simplified schematic illustrat 
ing an architectural view of a FlowLogicMachine in accor 
dance with one embodiment of the invention. 

0021 FIG. 8 is a simplified schematic diagram illustrating 
the data flow within a flow logic machine in accordance with 
one embodiment of the invention. 

0022 FIG.9 is a simplified schematic diagram illustrating 
a Tilehaving an adapter to interface with an external device to 
the Tile inaccordance with one embodiment of the invention. 

0023 FIG. 10 is a flowchart diagram illustrating the 
method operations for configuring and programming a semi 
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conductor circuit device having a multiple level array of 
memory storage cells in accordance with one embodiment of 
the invention. 

DETAILED DESCRIPTION 

0024. An invention is described for a structurally recon 
figurable intelligent memory device for efficient implemen 
tation of Stateful, transaction-oriented systems in silicon. It 
will be obvious, however, to one skilled in the art, that the 
present invention may be practiced without some or all of 
these specific details. In other instances, well known process 
operations have not been described in detail in order not to 
unnecessarily obscure the present invention. 
0025. The embodiments of the present invention 
described below provide a method and apparatus enabling 
flexible design capture methodology which allows a designer 
to select the granularity at which a stateful, transaction-ori 
ented application is captured. An efficient methodology to 
implement a stateful, transaction-oriented application on a 
platform economically Superior with respect to design effort, 
implementation costs and manufacturability is further 
described below. The embodiments utilize an execution 
model that allows for efficient compiler optimization and 
resource allocation, efficient hardware implementation, and 
accurate performance analysis and prediction when a design 
is captured and analyzed. It should be appreciated that no 
significant uncertainty is introduced by design compilation, 
mapping into the physical platform, or resource conflicts 
during system operation. The resource requirements are 
specified explicitly when the design is captured, using anno 
tations or compiler analysis. Allocation of hardware 
resources can be determined statically at compile time. 
0026. In another aspect of the invention a simple and effec 
tive chip architecture that uses a single level real memory 
organization to eliminate the costs of managing a caching 
hierarchy associated with virtual memory systems in appli 
cations development, compiler optimization, run-time sys 
tem. Support, and hardware complexity is provided. As will be 
explained in more detail below, the embodiments described 
herein meet the tremendous demands of memory capacity 
and bandwidth in future generation SOCs with solutions that 
are economical in die area, product development cycle and 
power consumption. At the same time, the embodiments reap 
the cost, performance and power consumption benefits of 
advanced deep Submicron fabrication processes with exceed 
ingly high manufacturability and reliability. 
0027 FIG. 1 is a high-level simplified schematic diagram 
of FlowModules in accordance with one embodiment of the 
invention. FlowModules 100a through 100d represent 
objects in accordance with one embodiment of the invention. 
FlowModules 100a through 100d are mostly comprised of 
memory arrays in this embodiment. FlowModule 100a 
includes FlowMethod 104, States 106, and FlowGate 112. 
Signals 102 are processed and commuted between FlowMod 
ules through FlowGates 112. Signals 102, which may be 
referred to as messages, are in packet format in one embodi 
ment of the invention. The primary inputs and outputs into the 
FlowLogic architecture are also Signals. Arc 108 represents a 
channel through which data flows between FlowGates 112. In 
one embodiment, Arcs 108 represent queues and Signals 102 
are transmitted through Arcs 108. Flow Modules 100 repre 
sent objects, defining codes and data allocated to memory. 
FIG. 1 further illustrates FlowModule 100a and FlowModule 
100b within hierarchical Flow Module 110. FlowModule 
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100a and FlowModule 100b are grouped within hierarchical 
FlowModule 110 for convenience in one embodiment. In 
other words, the grouping of FlowModule 100a and Flow 
Module 100b may be analogized to analias. Arcs 108 may be 
characterized as a ForwardArc 108a, a CallForwardArc 108b 
or a TimedArc 108c in one embodiment. The details for these 
types of Arcs are provided below. It should be appreciated that 
Arcs 108 are created in application-specific fashion. Flow 
Gates 112 are invoked through an external Signal and areakin 
to a function call. 

0028. Still referring to FIG. 1, PrimitiveFlowModules, 
henceforth referred as FlowModules 100a-d, are concurrent 
entities that include Flow Gates 112, States 106, and Flow 
Methods 104. Arcs 108 emanate from a Flow Gate and termi 
nate at a FlowGate. An Arc can carry one or more Signals at 
a given time. A Flow Gate is invoked by a Signal instance, i.e., 
a Signal instance is targeted to invoke a specific Flow Gate. In 
one embodiment, a Signal instance is a stream of bytes that 
carries necessary arguments which may be a small message or 
a large packet or of any size in between. A Signal also may 
carry a priority-class attribute. Signals within a class (prior 
ity-class) are guaranteed to arrive in the order they were 
generated at the head of the Arc. It should be appreciated that 
Flow Gate 112 does not have a state of its own. Flow Gate 112 
can modify the state of the FlowModule it resides in and the 
FlowGates may generate one or more Signals and thereby 
invoke one or more FlowGates concurrently. In one embodi 
ment, FlowGate 112 may be thought of as an indivisible and 
un-interruptible sequence of procedural code that typically 
terminates after a short burst of execution. FlowLogic guar 
antees that one and only one Flow Gate within a FlowModule 
is active at any time and a Flow Gate once started is guaran 
teed to complete. FlowMethods, as used herein are sequential 
bodies of code, e.g., C style function calls that the FlowGates 
within a Flow Module may use to achieve their end goals. 
Hierarchical FlowModules comprise one or more FlowMod 
ules 100a-d, and are largely used to facilitate FlowLogic code 
reuse and interface specification exchange. A TimedArc is a 
special case of an Arc, where the constituent Signals carry a 
Timer. The constituent Signals in a TimedArc will invoke 
corresponding FlowGate out-of-order as and when the Timer 
expires. In one embodiment, TimedArcs are specifically con 
strained to originate and terminate within the same FlowMod 
ule. A Forward Arc is another special case of an Arc 108 
whose destination is implied by Signals carried by a CallFor 
wardArc. It should be appreciated that the notion of threads or 
processors does not exist in the FlowLogic description. Flow 
Logic can be thought of as a set of interacting pipelines of 
Signal flows. 
0029. One skilled in the art will appreciate from FIG. 1 
that the FlowLogic architecture can be used to describe an 
arbitrary transaction-oriented application using an arbitrary 
number of interconnected FlowLogic components. Isochro 
nous systems can also be described with reasonable timing 
resolution. It should be noted that FlowLogic is not meant for 
traditional digital logic system design where cycle accuracy 
and deterministic behavior is paramount. Systems designed 
using FlowLogic are non-deterministic, but can have well 
known end-to-end functional behavior independent of the 
delays in the Arc. Arcs are guaranteed not to drop Signals 
unless they are attributed specifically to do so. The quantita 
tive or performance behavior of the system may change 
depending on the parameters of the Arcs, including delay 
(latency), capacity, priority and so forth. 
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0030 The FlowLogic architecture allows flexible design 
space exploration of performance and quantitative behavior, 
followed by flexible mapping of the results into the said 
structurally field-configurable semiconductor device. The 
parameters related to Arcs 108, among others, are determined 
interactively during system simulations using FlowLogic. It 
may be noted that the performance behavior of such systems 
will only be as good as the traffic patternassumptions made in 
the simulation. In one embodiment, Flow Gates referred to as 
DynamicFlowGates can be dynamically loaded and linked at 
run-time. In one embodiment, DynamicFlowGates are lim 
ited to serving the purposes of run-time system diagnostics 
and debug. Thus, an overview of the FlowLogic system and 
language has been provided above and further details are 
provided with reference to the Figures referenced below. 
0031 FIG. 2 shows an alternative structural view to the 
FlowLogic System in accordance with one embodiment of the 
invention. Flow Modules 100a through 100d are intercon 
nected through a set of Arcs or Channels. These Arcs or 
Channels of FIG.2 may be classified as Random Read Chan 
nels 116, Priority Class Channel 114, or Random Access 
Channel 118, in accordance with one embodiment of the 
invention. As mentioned above, the FlowModules are mainly 
composed of memory regions and Channels 114, 116, and 
118 provide the wiring for communication between these 
memory regions. It should be appreciated that different types 
and capacity channels are inferred interactively from a Flow 
Logic description via annotations. For example, Signal types 
carry attributes that determine the range of priority-class, type 
and capacity of the Channel. A set of Arcs between two 
FlowModules map into one or more virtual Channels depend 
ing on the Signal types that the Arcs carry. A Channel can be 
thought of as a uni-directional memory element with Flow 
Methods for producer writes, consumer reads, and synchro 
nization and flow control. In the simplest case, a Channel may 
be a first-in-first-out (FIFO) serial queue. In another embodi 
ment, a Channel may be serial-write, random-read for the 
purposes of filtering and classification functions. In yet 
another embodiment, a Channel may comprise random-write 
and random-read ability to exchange semaphores. 
0032 FIG. 3 depicts the notion of Flow Tunnels in accor 
dance with one embodiment of the invention. A Flow Tunnel 
101 is a FlowLogic Sub-design that bridges communications 
between two clusters of FlowLogic. While FlowLogic clus 
ters are optimized for implementation on semiconductor 
devices with over-provisioned internal communication paths, 
Flow Tunnels encapsulate relatively lower bandwidth com 
munication paths such as serial interfaces between Sub-sys 
tems. For example, in the preferred embodiment, one cluster 
corresponds to the portion of FlowLogic description that is 
implemented on a host processor. This is connected to another 
cluster which is implemented on an in-memory processing 
device communicating over a PCI Express link. Also Flow 
Logic Clusters implemented on separate semiconductor dies 
and or devices communicate with each other over relatively 
lower bandwidth Flow Tunnels. The functionality of a Flow 
Tunnel comprises of buffering, re-synchronization, coalesc 
ing and priority based scheduling. 
0033 FIG. 4 is a simplified schematic diagram illustrating 
a logical view for the execution of a FlowModule in accor 
dance with one embodiment of the invention. It should be 
appreciated that the embodiments described herein take an 
object and translate that into a FlowModule, which is then 
further translated into a FlowVirtualMachine (FVM). 
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FlowVirtualMachine 100 represents the execution model of a 
FlowModule. FVM 100 includes Flow Gatendex 120. In one 
embodiment, a Signal will hit a FlowModule and through the 
Flow Gatendex it is determined which Flow Gate to execute. 
In one embodiment, the data within the Signal itself will 
identify the FlowGate to pick up. StackMemory 122. Code 
Memory 124, StateMemory 126, OutputBuffer 128, and 
ChannelMemory 130 are further included in FVM 100. Out 
putBuffer 128 is a relatively small memory area for tempo 
rarily staging outgoing Signals. ChannelMemory 130 is on 
the inputside for receiving messages into FVM 100. It should 
be appreciated that each portion of the memories within FVM 
100 is shared or aggregated by Flow Gates with the exception 
of CodeMemory 124. Thus, when a Signal hits a FlowGate, as 
mentioned above, there is a pointer to invoke the FlowGate 
code. It should be appreciated that FIG.3 depicts a model that 
directly determines the characteristics required for mapping 
to a field-configurable semiconductor device. For the pur 
poses of describing the preferred embodiment of this inven 
tion, it is sufficient to talk about the architectural aspects of 
FVM rather than the details of execution. The variable com 
ponents of a FVM are the memory partitions and their con 
tents, by varying which any FlowModule can be mapped and 
executed on it. 

0034. It should be noted that the sizes of the logical 
memory partitions in an FVM are arbitrary and the partitions 
have physically independent access paths. The code related to 
Flow Gates and FlowMethods is compiled into relocatable 
machine code which in-turn determines the logical size of the 
corresponding FVM CodeMemory. The FlowGateIndex con 
tains a jump table indexed on unique FlowGate identifier 
along with the pointer to the Flow Gate code, among other 
context data for proper FlowGate execution. The Stack 
Memory is used for storing intermediate states as required 
during the FlowGate execution. There are no register files in 
the FVM. The working of the FVM is analogous to that of a 
stack machine. The Stack is always empty before a FlowGate 
starts since the Flow Gate by itself does not have a persistent 
state, and the FlowGate is not allowed to suspend. 
0035. The size or the depth of the Stack is determined at 
compile-time by the FlowLogic compiler. As may be evident, 
FlowLogic programming style does not support nested calls 
and recursive function calls whose depths are not predictable 
at compile-time. Furthermore, there is no dynamic allocation 
or garbage collection in FlowLogic because memory 
resource allocations are fixed at compile-time. Other than 
temporary variables whose lifetimes span the FlowGate call, 
State variables are all pre-allocated at compile-time. The size 
of the StateMemory 126 for a FVM is well known at the 
compile time. OutputBuffer 128 and ChannelMemory 130 
are managed by the run-time system and are visible to the 
system designer only via annotation in one embodiment. 
OutputBuffer 128 is a small memory area for temporarily 
staging outgoing Signals. ChannelMemory 130, on the other 
hand, hosts the Channels and is as large as is required by the 
corresponding FVM. It is useful to point out at this time that 
although these memories have different access data paths, the 
memories all use the same resource types in the structurally 
configurable in-memory processing array. In fact, memories 
are the only resources directly allocated in the array, with 
other necessary logic, including processing elements, being 
fixed to such memory resources. 
0036 FIG. 5 is a simplified schematic diagram illustrating 
the ability to aggregate several FlowModules into one aggre 
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gate structure in accordance with one embodiment of the 
invention. Here, multiple FVMs are aggregated and placed 
into what is referred to as a FlowTile. Aggregate FVM 132 
includes a similar structural representation as an individual 
FVM, i.e., FlowGateIndex 120a, StackMemory 122a, Code 
Memory 124a, StateNemory 126a, OutputBuffer 128a, and 
ChannelMemory 130a. Module pointers (MP) x, y, and Z are 
pointers pointing to corresponding StateMemory areas of the 
aggregated FlowModules. It should be appreciated that Flow 
GateIndex 120a will now index into the CodeMemory, as 
well as the StateMemory, since multiple Flow Modules have 
been aggregated together. It should be appreciated that the 
ability to aggregate several concurrent FlowModules into one 
aggregate is a distinguishing factor behind the FVM archi 
tecture. The StackMemory size is the maximum of the Stack 
Memory sizes of the individual FVMs. CodeMemory 124a is 
the sum of the code memories of the aggregated FVMs. 
However, in one embodiment, CodeMemory 124a may be 
shared among different FlowModules, resulting in a total size 
that is Smaller than the Sum. In the particular case, where 
multiple FlowModules of the same type are replicated for 
load sharing, CodeMemory 124a may even contain a single 
code copy shared among multiple instances. OutputBuffer 
128a and the ChannelMemory 130a blocks are managed by 
the run-time system, in a fashion largely transparent to the 
application. 
0037 FIG. 6 is a high-level schematic diagram illustrating 
a Flow Tile that Supports a corresponding set of virtual pro 
cessors in accordance with one embodiment of the invention. 
In this representation, the Flow Tile is composed of aggregate 
FVMs 132a, 132b, and 132C. Run-time system 134 functions 
to determine which Signal is associated with which Flow 
Gate. Thus, run time system 134, which may be referred to as 
a kernel, will coordinate the flow of Signals within the 
FlowTile. Commute element 136 functions to move Signals 
into and out of the Flow Tile. In one embodiment, Commute 
element 136 may be thought of as an interface or a router for 
the various Signals being transmitted. Of course, the router 
functionality is illustrated hereas being internal to the system, 
however, the router functionality may alternatively be exter 
nal to the Flow Tile in another embodiment. As shown in FIG. 
6, multiple AFVMs are mapped to a FlowTile that supports a 
corresponding set of virtual processors. A Flow Tile is a physi 
cal entity that has a certain total number of memory resource 
units. The sum of the resources required by the AFVMs 
cannot exceed this total. Within this constraint, memory units 
can be mapped flexibly to serve the functionality of the con 
stituent Flow Modules. A FlowTile has a corresponding Runt 
ime System, which coordinates the flow of Signals within the 
FlowTile. As mentioned above, the Commute element is 
responsible for moving Signals out of the OutputBuffer and 
into the corresponding ChannelMemory. 
0038 FIG. 7 is a high-level simplified schematic illustrat 
ing an architectural view of a FlowLogicMachine in accor 
dance with one embodiment of the invention. Here, each 
FlowTile 140a through 140n is connected to in-memory Sig 
nal router 142 through corresponding commute elements 
136a through 136 n. It should be appreciated that in-memory 
Signal router 142 performs routing functionality within the 
chip that the FlowLogicMachine is designed for. Within each 
FlowTile 140a through 140m, the coordination of Signals is 
performed by run-time systems 134a through 134n, respec 
tively. FlowTiles 140a-n are connected to the application 
independent in-memory router 142 for routing Signals within 
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the FlowLogicMachine. Memory router 142 includes Com 
mute elements 136a-n associated with every FlowTile. In one 
embodiment, the in-memory router 142 is sufficiently over 
provisioned to ensure that Signals flow out of the Output 
Buffer and in-memory router 142 without causing blockages, 
and with minimal transit time. If there is a blockage, the 
blockage is constrained to the ChannelMemory, where it 
manifests as a system characteristic, which can be appropri 
ately alleviated at the level of the FlowLogic design repre 
sentation. As mentioned above the router functionality may 
also be performed externally. In one embodiment, the run 
time system ensures that Signals are created only if the receiv 
ing Channel has sufficient credits, ensuring that the worse 
case behavior of deadlock, over-run etc. does not occur. The 
overhead of credit based flow control management is tunable 
at the FlowLogic design representation level by providing 
adequate Channel sizing attributes. Commute elements 
136a-n further breaks up Signals into small flow control digits 
(Flits) ensuring that end-to-end latency is not sensitive to 
Signal sizes. 
0039 FIG. 8 is a simplified schematic diagram illustrating 
the data flow within a FlowLogicMachine in accordance with 
one embodiment of the invention. The OutputBuffer for a 
FlowTile originating a Signal will forward that Signal to the 
Commute element, where a larger message may be broken up 
into Smaller chunks and passed through intermediate stages. 
These Smaller chunks are then accumulated in Chan 
nelMemory, which is in a FlowTile consuming the data in one 
embodiment. Signals from the OutputBuffer are indepen 
dently read out by the Commute element and segmented into 
Flits, which are the flow control digits or primitives. 
0040 FIG.9 is a simplified schematic diagram illustrating 
a FlowTile having an Adapter to interface with an external 
device to the Flow Tile. Flow Tile 140 is in communication 
with Adapter 144. Adapter 144 can provide an interface for 
chip-to-chip communication in accordance with one embodi 
ment. For example, Adapter 144 may provide a packet inter 
face in order to transfer packets between devices. It should be 
appreciated that the Adapter can be designed so that the 
interface is application-specific. In one embodiment, some of 
the Flow Tiles, e.g., on the periphery of the array, are config 
ured to interface with the external world, e.g., other chips. The 
interface for the external world is also a Signal based interface 
that is accomplished through Adapter 144 as shown in FIG.9. 
0041. The FlowLogicMachine can itself be thought of as 
an array of structurally configurable memory units that imple 
ments a plurality of FlowTiles, where the computational logic 
is fixed and distributed. As a further analogy, the FlowLogic 
language described herein may be thought of as the JAVA 
language, while the FlowLogicMachine may be analogized to 
the JAVAVirtual machine, since the FlowLogic Language has 
Some attributes of object oriented programming languages. 
For one skilled in the art, it should be appreciated that much 
of the resources in question are memory units in one form or 
another, i.e., code, state, Stack, channels, and buffer. Moti 
vated by the above observation, the FlowLogicMachine is 
designed to provide the ability to configure these memory 
units, also referred to as memory resources, as required by a 
particular application and the FlowLogic representation 
allows the flexibility of re-casting a system description in 
flexible ways to achieve the targeted capacity, performance, 
and functionality. 
0042. As mentioned above, FIG. 7 shows the architectural 
view of a FlowLogicMachine. It comprises a plurality of 
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FlowTiles. The FlowTiles are connected to the application 
independent in-memory router for routing Signals within the 
FlowLogicMachine. The said router comprises Commute 
elements associated with every FlowTile. In the preferred 
embodiment, the router is sufficiently over-provisioned to 
ensure that Signals flow out of the OutputBuffer and through 
the router itself without causing blocks, with minimal transit 
time. If there is a blockage, it is constrained to the Channel 
Memory, where it manifests as a system characteristic which 
can be appropriately analyzed and managed at the FlowLogic 
level of the design representation. The run-time system 
ensures that Signals are created only if the receiving Channel 
has sufficient credits, ensuring that the worse case behavior of 
deadlock, over-run etc. does not occur. The overhead of credit 
based flow control management is tunable at the FlowLogic 
design representation level by providing adequate sizing 
Channel attribute. The Commute element further breaks up 
Signals into Small flow control digits (Flits) ensuring that 
end-to-end latency is not sensitive to Signal size and the 
number of hops. 
0043. Some of the FlowTiles, say on the periphery of the 
array, are configured to interface with the external world. The 
said interface is also a Signal based interface that is accom 
plished through Adapter as shown in FIG. 9. 
0044) The FlowLogicMachine can itself be thought of as 
an array of structurally configurable memory units that imple 
ments a plurality of FlowTiles where the computational logic 
is fixed and distributed. For one skilled in the art, it is easy to 
see that much of the said resources in question are memory 
units in one form or another: code, state, stack, channels, and 
buffer. Motivated by the above observation, the FlowLogic 
Machine is designed to provide the ability to configure the 
memory units as required by a particular application and the 
FlowLogic representation allows the flexibility of re-casting a 
system description in flexible ways to achieve the targeted 
capacity, performance and functionality. 
0045. The FlowLogicMachine has novel features that help 
in system diagnosis among others. Flow Gates are by-design 
atomic and always go to completion, once fired. There is no 
notion of run-time instruction-level single-stepping in the 
context of FlowLogicMachine. Instead, it can be stepped on 
Flow Gate boundaries. Flow Tiles can be instructed to execute 
one FlowGate at a time. An external debug controller can 
observe the StateNemory, ChannelMemory and other parti 
tions of the FVM by making explicit system read calls when 
the FlowLogicMachine is paused between steps of Flow Gate 
execution. The debug controller may even launch Dynamic 
Flow Gates to achieve diagnostic goals. The FlowLogicMa 
chine has built-in FlowGates called SystemFlowGates for 
read, write and configuration purposes. The SystemFlow 
Gates come into existence on device boot, independent of 
applications. These SystemFlowGates are also used for boot 
ing application-specific FVMs. 
0046. The embodiments described herein also support 
runtime debugging of the FlowLogicMachine. The Flow 
Logic runtime system can be controlled from an outside 
machine (host) through sending and receiving of signals with 
specific debugging payloads. The host sends debugging com 
mands to the runtime system in signals; it also receives data 
and state information back from the runtime system in sig 
nals. 
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0047. The following debugging techniques are supported 
by the FlowLogicMachine: 

0048. The runtime system can be instructed to pause 
(break) execution on a given condition. These conditions 
may include invocation of a specific FlowGate, the con 
tents of any input signal, any expression on Flow Gate 
invocations (i.e. then" invocation of a given FlowGate), 
or any other internal state of the runtime system. Upon 
halting execution, the runtime system will notify the 
host by sending a signal indicating that execution has 
stopped. The host can then control the debugging pro 
cess by sending further instructions encapsulated in sig 
nals. 

0049. The runtime system can be instructed to resume 
execution (step) until a given condition. This is analo 
gous to single-stepping in a compiled code environment. 
Several variants of this behavior are supported, such as 
“step to the next FlowGate invocation”, “step to the n” 
invocation of a given FlowGate', or “step until a Flow 
Gate receives a signal with a given content. 

0050. The runtime system can be instructed to capture 
information (trace) about selected or all FlowGate invo 
cations and communicate this information to the host. 
The information communicated is essentially a trace of 
the firings of Flow Gates, their input signals, and their 
output signals. 

0051. The runtime system can be instructed to query 
certain memory areas in the tile and return data (dump) 
to the host system. The information communicated can 
be the current positions of the context pointers (such as 
MP), the contents of any memory or a sub-range of that 
memory, or the current utilization of VirtualChannels. 

0052 To support diagnostics and debugging, execut 
able Flow Gate code can be sent from the host to the 
runtime system of a given FlowTile. The runtime system 
will load this code into its CodeMemory and execute it to 
Support the debugging session. 

0053) One skilled in the art may note that FlowLogic is not 
a general method for describing any digital system for sys 
tem-on-chip implementation. Some of its notable distinctions 
include: 

0054) 1. It raised the level of abstraction for design 
capture, Verification and analysis. To allow for imple 
mentation flexibility, it is not required to preserve cycle 
accuracy among different levels of design representa 
tion. 

0055 2. At a higher level of design capture, it is not 
deemed necessary to support arbitrary combinational 
logic oriented systems efficiently 

0056 3. The performance of the system designed using 
FlowLogic depends on the mix of workload used in 
simulation. 

0057 4. Functionality and performance of FlowLogic 
designs are not efficiently implemented on systems that 
primarily span over bandwidth constrained networks. 
FlowLogic is optimized for implementation on band 
width over-provisioned on-chip intelligent memory 
with Flit based communications. 

0058 FlowLogic relies on the assumption that quantita 
tive behavior at the FlowLogic level is perturbed minimally as 
it is translated to the physical implementation. 
0059. The embodiments described above provide a 
memory centric approach for a processing system design and 
architecture, as well as the FlowLogic language for design 
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ing, synthesizing, and placing and routing techniques for this 
unique processing system design. Terms of the FlowLogic 
language have been analogized to some objectoriented terms 
for ease of understanding. For example, a FlowGate may be 
thought of as a Function, Procedure or Task, while a Flow 
Module may be analogized to an object in object oriented 
programming. A Signal may be referred to as a message or a 
packet. It should be appreciated that while these analogies are 
used for explanatory purposes, there are significant differ 
ences between the embodiments described herein and the 
corresponding analogies. 
0060 Traditional processors incorporate the notion of vir 
tual memories to push physical memory away from the pro 
cessing core. To do so, they introduce accumulators, registers 
and caching hierarchies. The embodiments described above 
embrace the incorporation of processing core(s) directly 
within the physical memory. Furthermore, the data paths in 
the above-described embodiments are significantly different 
than the data paths within the traditional processor architec 
ture. 

0061 FIG. 10 is a flowchart diagram illustrating the 
method operations for configuring and programming a semi 
conductor circuit device having a multiple level array of 
memory storage cells in accordance with one embodiment of 
the invention. The method initiates with operation 400 where 
the initial FlowLogic Source code is provided. In operation 
402, the FlowLogic source code is parsed. In decision opera 
tion 404, it is determined whether any errors exist in the 
Source code, e.g., syntax errors. Since FlowLogic Supports a 
subset of C++ in one embodiment, it should be appreciated 
that this check will reveal any syntax issues. If an error does 
exist, the method returns to operation 400 and the error is 
corrected and the method resumes as described above. If there 
is no error detected, then the method advances to operation 
406 where the FlowLogic source code is in a state where some 
of the code is in a C++ format. In operation 408, the Flowlogic 
modules are instantiated through an elaboration process. 
Here, the source code having a description of a network is 
converted to code representing FlowLogic instances, i.e., a 
network of instances is provided. This results in the Flow 
Logic Instance Source code as represented in operation 410. 
0062 Still referring to FIG. 10, in operation 412, the Flow 
Logic Instances are compiled into corresponding FVMs. The 
compiled FVMs are checked for compile errors in operation 
414. If there are compile errors found in operation 414, then 
the method returns to operation 400 and repeats as described 
above. If there are no compile errors, then the compiled 
FVMs are made available in operation 416. The compiled 
FVMs are input into a simulator in operation 418, wherein a 
functional simulation and an instruction level simulation are 
performed. It should be appreciated that the source code from 
operation 400 is used to provide the function level simulation, 
while the compiled FVMs are used to provide the instruc 
tional level simulation. In operation 420, a mapper aggregates 
the FVMs to AFVMs and maps AFVMs to FLA (FlowLogi 
cArray) Tiles. Here, the mapping of the AFVM is into a 
portion of the multiple level array of memory storage cells. 
Additionally, the multi-way access paths of the multiple level 
array are configured according to the multiple FVMs in 
operation 420. Thereafter, the portion of the multiple level 
array is programmed to function according to the multiple 
FVMs. The method terminates in operation 422 where the 
FLA (FlowLogic Array) is defined as a chip in silicon. 
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0063. The invention has been described herein in terms of 
several exemplary embodiments. Other embodiments of the 
invention will be apparent to those skilled in the art from 
consideration of the specification and practice of the inven 
tion. The embodiments and preferred features described 
above should be considered exemplary, with the invention 
being defined by the appended claims. 
0064. With the above embodiments in mind, it should be 
understood that the invention may employ various computer 
implemented operations involving data stored in computer 
systems. These operations are those requiring physical 
manipulation of physical quantities. Usually, though not nec 
essarily, these quantities take the form of electrical or mag 
netic signals capable of being Stored, transferred, combined, 
compared, and otherwise manipulated. Further, the manipu 
lations performed are often referred to in terms, such as 
producing, identifying, determining, or comparing. 
0065. Any of the operations described herein that form 
part of the invention are useful machine operations. The 
invention also relates to a device oran apparatus for perform 
ing these operations. The apparatus may be specially con 
structed for the required purposes, or it may be a general 
purpose computer selectively activated or configured by a 
computer program stored in the computer. In particular, Vari 
ous general purpose machines may be used with computer 
programs written in accordance with the teachings herein, or 
it may be more convenient to construct a more specialized 
apparatus to perform the required operations. 
0066. The invention can also be embodied as computer 
readable code on a computer readable medium. The computer 
readable medium is any data storage device that can store data 
which can be thereafter be read by a computer system. 
Examples of the computer readable medium include hard 
drives, network attached storage (NAS), read-only memory, 
random-access memory, CD-ROMs, CD-Rs, CD-RWs, mag 
netic tapes, and other optical and non-optical data storage 
devices. The computer readable medium can also be distrib 
uted over a network coupled computer systems so that the 
computer readable code is stored and executed in a distributed 
fashion. 
0067. Although the foregoing invention has been 
described in some detail for purposes of clarity of understand 
ing, it will be apparent that certain changes and modifications 
may be practiced within the scope of the appended claims. 
Accordingly, the present embodiments are to be considered as 
illustrative and not restrictive, and the invention is not to be 
limited to the details given herein, but may be modified within 
the scope and equivalents of the appended claims. In the 
claims, elements and/or steps do not imply any particular 
order of operation, unless explicitly stated in the claims. 
What is claimed is: 
1. A method for synthesizing a stateful, transaction-ori 

ented system for flexible mapping to a structurally field 
configurable semiconductor device having a multi-level array 
of storage elements, for in-memory processing, comprising 
method operations of 

mapping FlowLogic to a network of FlowVirtualMachines 
(FVM); 

mapping a FlowModule into a corresponding FlowVirtual 
Machine (FVM); 

integrating one or more FVMs into an AggregateFVM 
(AFVM); 

composing one or more AFVMs into a FlowTile, and 
routing Signals between FlowModules. 
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2. The method of claim 1, wherein the FVM is an array of 
similar memory unit resources configured into partitions, the 
partitions accessible via a plurality of independent access 
paths. 

3. The method of claim 1 wherein the partitions define a 
Flow GateIndex, a StackMemory space, a CodeMemory 
space, a StateMemory space, an OutputBuffer space and a 
ChannelMemory space. 

4. The method of claim 2, further comprising: 
relocating the partitions; and 
repeating the method operations of mapping FlowLogic to 

a network of FlowVirtualMachines(FVM); 
mapping a FlowModule into a corresponding FlowVir 

tualMachine (FVM); 
integrating one or more FVMs into an AggregateFVM 
(AFVM); 

composing one or more AFVMs into a FlowTile, and 
routing Signals between FlowModules. 

5. The method of claim 1 wherein the AFVM is derived 
from a composition of FVMs by one of linearly aggregating, 
merging or sharing memory unit resources of the composition 
of FVMS. 

6. The method of claim 1, wherein the Flow Tile is derived 
from a composition of AFVMs by one of linearly aggregat 
ing, merging or sharing of the memory unit resources of the 
composition of AFVMs. 

7. The method of claim 1, wherein the Flowtile provides 
scheduling functionality through run-time flow control, 
reception of Signals and invoking of appropriate FlowGates. 

8. The method of claim 3, wherein the Flow Tile enables 
signals to be commuted out of the OutputBuffer space and 
into the ChannelMemory space. 

9. The method of claim 2, wherein the FVM is without 
memory or caching hierarchies, and wherein all elements in 
the partitions are accessible in a same access time, the method 
further comprising: 

allocating and defining initial contents for all memories at 
compile time. 

10. The method of claim 1, further comprising: 
designating SystemFlowGates that are application inde 

pendent, built-in and available on power-on boot; 
providing access to the storage elements for read, write and 

configuration operations; and 
providing booting application specific FVMs. 
11. The method of claim 1, further comprising: 
splitting the Signals into two portions, a first portion defin 

ing header information and a second portion defining a 
payload, the first portion residing in a different part of 
the memory from the second portion. 

12. A method for routing FlowLogic Signals over a struc 
turally configurable in-memory processing array, the method 
comprising: 

configuring a pool of memory resource units into corre 
sponding OutputBuffers, CommuteBuffers and Chan 
nelMemories, the pool of memory units shared with a 
FlowLogicMachine; 

configuring a producer-consumer relationship between the 
corresponding OutputBuffers and CommuteBuffers, 

configuring a producer-consumer relationship between the 
CommuteBuffers and VirtualChannels residing in the 
ChannelMemories; 

configuring producer-consumer relationships between the 
OutputBuffers and VirtualChannels residing in said 
ChannelMemories; 
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configuring producer-consumer relationships between the 
CommuteBuffers and neighbouring CommuteBuffers. 

13. The method of claim 12 wherein configuring a pro 
ducer-consumer relationship between the corresponding Out 
putBuffers and CommuteBuffers includes, 

enabling simultaneous access of the memory resource 
units through independent ports, asynchronous clocks 
and physical addressing; and 

segmenting signals into Small fixed size entities (Flits). 
14. The method of claim 12 wherein configuring producer 

consumer relationship between the CommuteBuffers and Vir 
tualChannels residing in the ChannelMemories includes, 

enabling simultaneous access of the memory resource 
units through independent ports, asynchronous clocks 
and physical addressing: 

reassembling the small fixed size entities in the Virtual 
Channels; 

segregating Small fixed size entities arriving simulta 
neously for different signals from different sources prior 
to the reassembling. 

15. The method of claim 14, wherein physically addressed 
writes into corresponding memory units achieve the reassem 
bling and the segregating. 

16. The method of claim 12 wherein configuring a pro 
ducer-consumer relationship between the OutputBuffers and 
VirtualChannels includes, 

enabling simultaneous access of the memory resource 
units through independent ports, asynchronous clocks 
and physical addressing: 

reassembling Flits into Signals in the VirtualChannels; and 
segregating Flits arriving simultaneously for different Sig 

nals from different sources prior to reassembly, wherein 
the reassembling and the segregating are achieved 
through physically addressed writes into corresponding 
memory units. 

17. The method of claim 12, wherein the method operation 
of configuring producer-consumer relationships between the 
CommuteBuffers and neighbouring CommuteBuffers 
includes, 

enabling simultaneous access of the memory resource 
units through independent ports, asynchronous clocks 
and physical addressing; and 

Switching an input Flit from a neighbor to a corresponding 
CommuteBuffer. 
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18. The method of claim 12, wherein the pool of memory 
resource units are single ported memories with time division 
aCCCSS, 

19. The method of claim 12, wherein the pool of memory 
resource units are enabled for synchronous access using a 
global clock. 

20. A method for debugging a stateful, transaction-oriented 
runtime system having a multi-level array of storage ele 
ments, comprising method operations of 

instructing the stateful transaction oriented system to 
pause: 

instructing the stateful transaction oriented system to 
single step until a given point; 

tracking information for selected Flow Gate invocations: 
and 

querying contents of a portion within the multi-level array 
of storage elements. 

21. The method of claim 20, wherein the method operation 
of instructing the stateful transaction oriented system to pause 
includes, 

transmitting a signal to a host system indicating that the 
system has paused; and 

controlling the debugging process through the host system 
by sending further instructions encapsulated in signals. 

22. The method of claim 20, wherein the method operation 
of tracking information for selected FlowGate invocations 
includes, 

tracing of firings of FlowGates, including Flow Gate input 
signals, and Flow Gate output signals. 

23. The method of claim 20, wherein the method operation 
of querying contents of the portion within the multi-level 
array of storage elements includes, 

communicating information to a host system, the informa 
tion including current position of context pointers, con 
tents of a portion of the multi-level array of storage 
elements or utilization of VirtualChannels. 

24. The method of claim 20, further comprising: 
sending executable FlowGate code from a host to the runt 
ime system of a given tile; 

loading the FlowGate code into the multi-level storage 
array; and 

executing the FlowGate code. 
c c c c c 


