
WO 2004/114166 PCTIUS2004/019510  INTEGRATED CIRCUIT DEVELOPMENT SYSTEM
CROSS REFERENCE TO RELATED APPLICATIONS 5 This application claims priority
from United States Provisional patent  application 60/479,759, filed June
18, 2003, entitled Integrated Circuit Development  System, the contents of
which are incorporated by reference herein. TECHNICAL FIELD 10 This
disclosure relates to an integrated circuit development system, and, more
particularly, to an integrated circuit development system including hardware
objects,  a communication fabric- facilitating messages between hardware
objects, and a  system that allows software representation and execution of
systems on the hardware  objects. 15 BACKGROUND  Integrated circuit (IC)
design and development is presently a very difficult  and expensive process.
An ever-widening design gap is appearing as the stringent  constraints of
today's ASIC (Application Specific Integrated Circuit) methodologies 20 and
EDA (Electronic Design Automation) tools are causing designers to fail at
effectively using all the extra gates that each new fabrication technology
offers.  Full custom design has become extremely expensive, even when those
designs result in massively regular structures, such as cache memory,
because the  exponentially increasing complexity in the low-level details of
each new fabrication  25 technology do not allow much new design in the
available time. IC speeds are being limited bypresent day architectures,
which have an ever increasing need for long  wires and more and more
interconnections between chip components. This  increased amount of
interconnection is causing a new manufacturing paradigm  where defects in
the wiring dominate. 30 As fabrication technology continues to advance to
transistor densities near  one billion transistors on a single die, it is
becoming apparent that the steeply rising  design costs, exponentially
increasing verification effort, inherent limitations of WO 2004/114166
PCT/US2004/019510  



present day design tools, and the inability to effectively re-use what has
gone before  will make future development extremely expensive and only
available to few. Illustrated in FIG. 1A and 113 is an example process to
create an IC using  ASICs and FPGAs (Field Programmable Gate Array). The
design begins by creating  5 a system model, illustrated here as
interconnected functions As, Bs, and Cs. The system model can be modeled in
any manner; such a modeling system includes, for  example, a block diagram,
a Unified Modeling Language (UML) model or a data  flow graph. Once the
system model is finished, a software description is created by  hand, which
is both time-consuming and is difficult to check. The software 10
description may be created in, for example, C, C++, Java, Matlab, Smalltalk
or  System C. Next the software description is hand translated in to a
Register Transfer  Level (RTL) description that can be used to create a
logic gate model of the system.  RTL is a generic term for Hardware
Description Languages (HDL), such as Verilog  or VHDL, which can be used to
generate the logic gate model through synthesis. 15 RTL is used to create
both ASIC (FIG. IA) or FPGA (FIG. IB) solutions. Again,  translating from
the software description to RTL by hand is both time-consuming  and
difficult to check. For an ASIC, once synthesis has created the logic gate
model,  more software is used to place and route the functional gates, using
semi-automated  hardware layout tools. Once laid out, the generated patterns
are optimized to account 20 for optical effects in the manufacturing
process. It should be noted that there are  many iterations needed to
optimize the process, and some of the optimizations are  manually performed.
Finally, a mask set is created and used to make the particular  designed
ASIC. With reference to FIG. 1B, similar processes occur for creating an
FPGA.  25 Again an RTL description and synthesis is used to develop the
logic gate model.  Several iterations may be required to ensure the design
physically fits onto the target  part. Once the mapping is known, the design
is tested to ensure the timing  requirements are met. If the timing design
requirements are not initially met, the  structure of the RTL must be
altered until both the mapping and the timing 30 requirements are satisfied.
For example, it is quite often necessary to have multiple  repetitions of
the same logic which run in parallel to ensure the timing constraints 



2 can be met; this can only be accomplished by altering the RTL description.
Finally,  the logic mapping for every element on the FPGA is loaded into a
ROM. When the  FPGA device is powered on, all the FPGA elements are
automatically loaded from  the ROM to create the desired function. 5 Because
of the shrinking size of transistors and other IC components, full- custom
design will require many more designers than are used at the present, which
adds huge complexity and requires exponentially more time and resources to
develop  compared to the present state of the art. In an attempt to reduce
the hardware  complexity and reduce the verification risk of making a
mistake in the hardware, 10 many systems are now using a mixture of hardware
and software. In this new  paradigm, performance is traded-off against using
software running on  programmable hardware for many of the components so
that functionality and bugs  can be fixed after the device has been
manufactured. This co-design process, where  software and hardware co-exist
to create the solution, is a problem that has been 15 explored extensively
in the last twenty years with little success. Extensive re-use of hardware
and software components, essential to ensuring  that large, complex designs
can be executed and verified within a reasonable time,  has proven to be
unachievable and has only been managed in a limited sense within  small,
tightly-knit design centers. 20 Embodiments of the invention address and
other limitations in the prior art.  BRIEF DESCRIPTION OF THE DRAWINGS FIG.
1A is a block diagram illustrating typical processes used to design  ASICs.
25 FIG. 1B is a block diagram illustrating typical processes used to design
FPGAs. FIG. 2 is a timing diagram illustrating a data transfer protocol.
FIG. 3 is a block diagram illustrating an abstract view of a Protocol re3i
sker.  FIG. 4 is a block diagram illustrating another abstract view of a
protocol 30 register according to embodiments of the invention.  3 



WO 2004/114166 PCTIUS2004/019510  FIG. 5 is a block diagram of a protocol
register that includes combinational  logic. FIGS. 6A-6E are block diagrams
illustrating a behavior of a data pipeline  formed of a series of protocol
registers. 5 FIG. 7 is a block diagram of another protocol register
according to  embodiments of the invention. FIG. 8 is a schematic diagram of
a protocol register according to  embodiments of the invention. FIG. 9 is a
state transition diagram for the protocol register of FIG. 8. 10 FIG. 10
illustrates two block diagrams of a data packet showing invalid data
members. FIG. 11 illustrates how two data packets can be combined. FIG. 12
is a block diagram showing how a traditional FIFO element can be  integrated
into the invention. 15 PIG. 13 is a block diagram showing how a hardware
object can be  constructed using protocol registers. FIG. 14 is a schematic
diagram showing equivalent combinations of fork,  join and protocol
registers. FIG. 15 is a schematic diagram showing an asynchronous
implementation of  20 a protocol register. FIG. 16 is a timing diagram
showing pseudo-asynchronous clock generation.  FIG. 17 is a block diagram
showing a pseudo-asynchronous implementation  of a protocol register. FIG.
18 is a block diagram of an example hardware object. 25 FIG. 19 is a block
diagram illustrating how hardware objects can be defined  from existing
hardware objects. FIGS. 20A-20C are block diagrams illustrating different
types of hardware  objects. FIG. 21 is a block diagram illustrating another
type of hardware object.  30 FIG. 22 is a block diagram illustrating how
hardware objects can  



communicate with one another using messages. 4 WO 2004/114166
PCTIUS2004/019510  FIG. 23 is a block diagram illustrating a messaging fork
object. FIG. 24 is a block diagram illustrating a messaging join object.
FIG. 25 illustrates an example re-configurable chip having a number of
physically formed hardware objects. 5 FIG. 26 is a block diagram
illustrating an object library used in conjunction  with a re-configurable
chip for developing systems. FIG. 27 is a block diagram illustrating
software object hierarchy. FIG. 28 is a block diagram illustrating a
software model of a hardware  system. 10 FIG. 29 is a block diagram
illustrating how software objects are mapped onto  a re-configurable chip.
FIG. 30 is a block diagram illustrating additional information that can be
attached to each software object system. FIG. 31 is a flow diagram
illustrating processes used in developing software  15 systems for
implementation on a re-configurable chip. FIGS. 32-35 are diagrams
illustrating an example system that can be created  using embodiments of the
invention. DETAILED DESCRIPTION 20 Embodiments of the invention include a
system for an integrated circuit  development. Elements of the development
system include hardware and software  objects. These objects can be
instanced, ordered, parameterized, and connected in a  software environment
to implement different functions. Once in software, the  description defines
the topology and properties of a set of objects. These objects are 25
hierarchically composed from other objects. The lowest level in the
hierarchy is  denoted a primitive object. By using a piece of hardware that
can both implement  the function and maintain the essential properties of a
software object, the topology  and properties of the software description is
all that is required to define a piece of  hardware that can perform the
desired functions. Using embodiments of the 



30 invention, circuit designers can design hardware systems with little or
no knowledge  of hardware or hardware design, requiring only the software
description. 5 WO 2004/114166 PCT/US2004/019510  Communication Fundamentals
Fundamentally, hardware objects formed on an IC communicate with one
another using electrical signals. States of electrical signals are defined
to represent  5 data. For instance, an electrical signal having a voltage
value above a mid-point between an operating voltage and a ground reference
voltage can be considered to  represent a "1" or HIGH value, while voltages
below the mid-point voltage can be  considered to be a "0" or LOW value. To
ensure signal integrity, only a limited  voltage range near the ground
reference is considered to be a LOW value. Similarly 10 only a limited
voltage range near the operating voltage is considered a HIGH value.  Any
voltage in between the limits is an undefined logic state. In all
discussions and figures, a HIGH value indicates that the signal is
asserted; a LOW value is a de-asserted value. The active sense of any signal
is not  determined by the terms HIGH or LOW. 15 Multiple signals can be
transferred between objects along a parallel data bus,  which allows data to
be transmitted simultaneously from a first point to a second  point. The
amount of data able to be transferred within a particular time is
determined by the data width of the bus and the frequency at which the data
state is  updated. 20 Oftentimes, data transmission protocols are used to
govern when and how  data is transferred between objects. The protocols are
typically not themselves part  of the actual "data" transmission, but rather
indicate qualities about the data or  synchronize the transmission of the
data. For example, a receiving object may  indicate when it is busy and
cannot receive data. 25 FIG. 2 is a timing diagram illustrating a relatively
straightforward data  transfer protocol in which the receiving object
indicates its availability to receive  data by asserting an "accept" signal.
Similarly, a sending object indicates whether  the data it is sending is
valid or invalid. Invalid data may take any value and is never  



used. 30 Referring to FIG. 2, a HIGH accept signal indicates that the
receiving object  can receive data. A HIGH valid signal indicates that the
data has a useful value. 6 WO 2004/114166 PCT/US2004/019510  When the accept
and valid signals are both HIGH, a data transfer occurs between a  sending
object and a receiving'object. A clock signal is shown in FIG. 2. The clock
triggers the valid, accept, and data signals on its positive edge. The data
signals may  be a single bit, or may include several bits of data
simultaneously sent. Common 5 data bus widths are powers of two, such as 8,
16, 32 or 64. In the first clock pulse, the positive edge of the clock
signal illustrated in  FIG. 2, the valid bit is driven HIGH, indicating that
the data signals are a meaningful  value. The accept signal is LOW, however,
which indicates that the receiving object  is not ready to receive the data.
The data signals maintain the value DATA1 until to clock edge 4, when the
accept signal is HIGH. The accept signal was driven HIGH  on clock edge 3,
indicating that the receiving object is ready to receive. At clock  edge 4,
data DATAl is transferred from the sending object to the receiving object.
An arrow indicates the transfer of data. On clock edges 6, 7, and 9 a
transfer occurs  because both the valid and accept signals are HIGH. On all
other clock edges no 15 transfer occurs because one or both of valid and
accept are LOW. The clock is  illustrated in FIG. 2 to facilitate discussion
by showing transitions on clock edges.  The transfer protocol shown in FIG 2
is one of the pre-emptive class of protocols  where the receiving object
indicates readiness to receive with no a priori knowledge  of the state of
the sending object. 20 FIG. 3 is a block diagram illustrating a protocol
register 50. The register is a  set of storage elements between an input
interface and an output interface. The  interfaces in FIG. 3 use the same
protocol as detailed in FIG. 2. The input interface  uses the in accept
signal to indicate that the storage elements 52 and 54 can be  updated. If
in accept is HIGH, storage elements 54 store the value on in data, and 25
storage elements 52 store the value on invalid. Note that storage elements
52 and  54 may hold one or more (valid,data) value pairs. The output
interface presents the  



oldest value of storage elements 52 on out valid and the oldest value of
storage  elements 54 on out data. The values on out valid and out-data are
changed to the  next eldest (valid,data) value pair when the signal
out_accept is HIGH, otherwise 30 they do not change The storage elements 56
contain the history of the out-accept  signal and are used to calculate the
next value of signal in accept. 7 FIG. 4 is a block diagram of another
protocol data register 70, which includes  storage elements 72, 74, 76, and
78. The storage elements 72, 74, and 76 correspond  to the storage elements
52, 54, and 56 of the protocol register 50 of FIG. 3, which  operates
similarly. Discussion of these elements is omitted for brevity. The storage
element 78 extends the register 70 to also store a history of packet
identifier values.  Register 50 of FIG. 3 stored a history of (valid,data)
pairs; the register 70 of FIG. 4  stores a history of
(valid,(data,packet_id)) triples. In each triple, a HIGH valid value
indicates whether the (data,packet id) pair value is meaningful. If the
valid value is  LOW the (data,packet_id) pair cannot be used, or an
undefined result may occur.  The (data,packet_id) is a pair where the
packet_id value indicates the position of the  data value within a larger
group of data, or data packet. Oftentimes packet messages  will contain more
data than can be simultaneously transferred in parallel, and the  message
will be broken up into several "words" of data. The terminology "message
packet" and "word" as used here is to be interpreted in its broadest sense,
and does  not connote any particular structure, format, or limitations.
Therefore, multiple sets  of data, or words, may need to be sent to transfer
a single message packet. In one embodiment, the packet-id value is a single
bit, but could, of course,  be any indication of the data's membership in a
larger group, or message packet. In  a particular embodiment, a LOW value of
the packet_id indicates that it is the last  word in a message packet All
other words would have a HIGH value for packet-id.  Using this indication,
the first word in a message packet can be determined by  detecting a HIGH
packet-id value that immediately follows a LOW value for the  word that
precedes the current word. Alternatively stated, the first HIGH value for
the packet id that follows a LOW value for a preceding packet id indicates
the first  word in a message packet. Only the first and last word can be
determined if using a  



single bit packet-id. FIG. 5 illustrates a protocol register 80 that
includes combinational logic. The protocol register 80 of FIG. 5 is similar
to the protocol register 50 of FIG. 3, in which storage  elements 82, 84,
and 86 correspond to storage elements 52, 54, and 56, but includes logic 87
on the output interface. In the embodiment illustrated in FIG. 5,  the logic
87 is a two-input OR gate. The logic 87 combines the negated out - valid
signal from the register 82 with the out-accept signal to ensure that, even
if out-valid  9 is LOW, the protocol register 80 always updates to the next
eldest (valid,data) pair.  Practical uses for such behavior is illustrated
in detail below. FIGS 6A-6E are block diagrams illustrating a behavior of a
series of protocol  registers 80, assembled into a pipeline 90. The pipeline
90 includes nine registers,  labeled RI-R9. Each figure 6A - 6E illustrates
a different time period, tl-t5. The  pipeline 90 uses the out accept signal
from the next receiving object (not shown).  The next receiving object, as
described above, drives the out_accept signal LOW  when it is unable to
receive data. The out-accept signal in the sequence tl-t5 is  always LOW,
indicating that the receiving object is not receiving during tl-t5. With
reference back to FIG. 5, the storage location 86 computes an in accept
signal, and  sends it back to the next register. For example, the in_accept
signal of register RI is  the out accept signal of register R2 and so on. In
this manner, the out-accept signal  from the receiving object is
sequentially sent down the pipeline 90. With reference to FIG. 6A, at time
tl the pipeline 90 holds three valid words  of data, D I, D2, and D3. The
pipeline 90 holds other data that is considered invalid.  Valid data is
illustrated as shaded boxes in the individual registers, while invalid data
is illustrated as un-shaded boxes. As described above, in each cycle, the
pipeline 90  uses an out-accept signal from the next receiving object. The
pipeline 90 also  accepts another (valid,data) pair from the sending object
(not shown). In FIG. 6A  (time tl), a fourth valid word of data D4 is being
sent to the pipeline 90. Therefore, at time tl, there are three words of
valid data D1, D2, D3, all  stored in separate protocol registers R2, R5 and
R8 of the pipeline 90. In each cycle  that the intermediate out accept
signal is HIGH, the (valid,data) pairs progress to the  



next register. In cycle tl, logic 87 of FIGS allows register RI to be
updated even  though out accept presented to R1 is LOW. In cycles t2 and t3,
the intermediate out accept for R2 remains HIGH because R2 contains invalid
data. The effect of  logic 87 of FIG. 5 is to remove any invalid data words
in the pipeline 90 and to  ensure that each register Rl-R9 in the pipeline
90 only stops processing if it is  storing meaningful data. The action of
logic 87 is repeated between all registers Rl-R9 and allows all of the
invalid data between D1 and D2 to be removed by cycle t4, and all of the
invalid data  between D1 and D3 would be removed by cycle t6 (not shown).
Note that this 9 invalid data was removed even though the out accept signal
presented to RI was  held LOW, indicating that the receiving object was not
accepting data. In what  would otherwise be wasted cycles, embodiments of
the invention allows the pipeline  to continue usefully processing data.
FIG. 7 is a block diagram of a protocol register 100 that combines aspects
of  the protocol register 70 (FIG. 4) with the logic 87 of FIG. 5. The
protocol register  100 includes storage locations 102, 104, 106, and 108 to
store the respective signals  as described with reference to FIG. 4. A logic
element 107 includes an OR function  that corresponds to logic 87 of FIG. 5.
Of course, the logic element 107 can be  formed of any combination of gates
that provide the same functionality. FIG. 8 is a schematic diagram
illustrating an implementation of a protocol  register 110 with a single
history, according to embodiments of the invention. The protocol  register
110 of FIG. 8 includes storage registers illustrated as edge-triggered
clocked, "D" type flip flops. Additionally, some of the flip-flops include
an enable  input, which only allows the input.value to transferred to the
output on a positive  clock edge when the enable is HIGH. The description
here uses a master  synchronous clock (not shown) to explain the operation,
but the circuit can be  adapted to run using asynchronous clocks as
illustrated in a below example. The D-type flip-flops 132, 134 and 138 form
a first register set capable of  storing one (valid,data,packet id) value
triple. This register set is denoted the "side  register" 130. The D-type
flip-flops 122, 124 and 128 form a second register set  



capable of storing another (valid,data,packet_id) value triple. This
register set is  denoted the "main register" 120. The multiplexers 142, 144
and 148 form a logic set  that allows the main register 120 to be loaded
with either a (valid,data,packet_id)  triple from the input (if signal
in-accept is HIGH), or from the side register 130 if  signal in-accept is
LOW. As stated previously, the width of the data value can be any number of
bits.  Logic functions 127 and 137 correspond to the logic 87 of FIG. 5 and
the  detailed function is not described here. The register 126 creates a
copy of out_accept  delayed by one cycle that becomes in accept (ignoring
the action of logic functions  127 and 137). (0 WO 2004/114166
PCT/US2004/019510  The side register 130 is loaded with the input triple
when in_accept is HIGH, otherwise the side register retains the previous
value triple. The combination of the  multiplexers 142, 144 and 148 and
in_accept and out accept control the action of the  main register 120. Table
1 shows the operation of the main register. 5 TABLE 1 Main Protocol  out
accept in-accept Description Register 120 Register 110  No input Both
registers 120 and 130 LOW LOW STOPPED  are full No Input Main register 120
is full and LOW HIGH side register 130 is being STOPPING  updated  Updated
Data from side register 130 HIGH LOW from side moves to main register 120
STARTING  register 130 Updated Input and output interface are HIGH HIGH from
main directly connected through NORMAL  



input main register 120 Table 1 shows that there are four states for the
protocol register 110:  NORMAL, STOPPING, STOPPED and STARTING. The NORMAL
state is when  the register is operating normally - transferring the next
value triple from the input 1o interface directly to the output interface.
The STOPPING state occurs when the  output interface out accept signal goes
LOW, indicating that the receiving object  cannot receive data, and the
input interface in_accept signal has not yet gone LOW.  During the STOPPING
state, a new input value triple may be accepted - this is  stored in the
side register 130. The STOPPED state is when both input and output 15
interfaces do not transfer any data and both registers 120 and 130 are full
of valid  data. The STARTING state, is when the output interface transfers
the oldest value  triple, but the input interface has stopped. In the
STARTING state the next eldest  value triple, held in the side register 130,
is transferred to the main register 120. The  11 state transition diagram
for the protocol register 110 is given in FIG. 9, showing the  states and
the transitions of the out accept signal that causes each state to change.
FIG. 10 shows two possible views of a combination of (valid,data,packet id)
value triples that makes up a packet of length 5. Each value triple is
labeled as a 5 word, WI-W5. The register view shows that the packet consists
of both valid and  invalid value triples, with the shaded boxes showing the
valid case. When the valid  is LOW, the packet id signal is undefined, as
are the data signals. The packet_id  signal is a single bit signal where LOW
indicates the last word in the packet. As  described above, a transition of
packet id from LOW to HIGH determines the first  1o word in a packet. The
packet view of FIG. 10 has abstracted the valid signal state by only
drawing valid words. This is the most convenient view of a multi-word
packet.  FIG. 11 shows how two equal length packets, in this case each of
length 5 words, can be combined word-by-word. In a packet view of FIG. 10
the action is  15 very simple: each word is combined separately to make a
new packet of length 5.  The cycle-by-cycle behavior is more complex, and
the register view of FIG. I I  illustrates how the valid signal in each
packet affects the actual operation. 



FIG. 11 uses two packets, A and B, each having 5 words and labeled
consecutively as Al-A5 and B1-B5, respectively. In the example of FIG. 11,
the  20 combination results in a new packet of length 5, each output word
being Al+BI,  A2+B2, ..., A5+B5. FIG, 11 shows the operation during each
cycle from Ti to T10. On cycle Tl, both  input words Al and Bl are accepted
and the sum Al+Bl output. The output  (valid,data,packet_id) value triple in
cycle Ti is (1,A1+B1,1). In cycle T2, no 25 addition can take place because
B2 is not valid, so A2 waits for B2 until cycle T5  when both A2 and B2 are
present and can be added to create the output value triple  (1,A2+B2,1). In
cycles T2, T3 and T4 the output value triple is (O;X,X), where X is  any
undefined value, because there was no valid output. In cycle T6, A3 and B3
are  available and the output value triple is (1,A3+B3,1). In cycle T7, B4
is on the input, 30 but must wait for the A4, creating the invalid output
value triple (O,X,X). In cycle  T8, A4 and B4 are combined to create the
output value triple (1,A4+B4,1). In cycle  12 T9, B5 is on the input, but
must wait for A5, creating the invalid output value triple  (O,X,X). In
cycle T10, both A5 and B5 can be accepted to create the final word
(1,A5+B5,0). In FIG. 11, the packet id field can be a copy of either the
packet A word  packet_id field, or copied from the packet B word. The
situation is symmetric  because the packets must be of equal length in this
example. FIG. 11 shows how the  invalid words are not destroyed, but
re-arranged in the output packet according to the  relative position of the
invalid words in the incoming packets. The time period  required to combine
the packets is always at least as long as the longest packet. FIG. 12 shows
how a traditionally designed First-In First-Out (FIFO) element 147 can be
transformed into the protocol register 50 of FIG. 3. A traditional FIFO
element 147  can be synchronous, using a master clock, or asynchronous where
the input interface and output  interface are separately clocked using
independent, unrelated clocks. The traditional FIFO  element 147 uses a push
signal to push input data into the FIFO. The FIFO generates a full signal
when the FIFO is full. The  behavior of asserting the push signal when full
is HIGH is undefined because some  



implementations discard the input data and some simply ignore the push
signal under these conditions. Similarly, the traditional FIFO element 147
uses a pop signal to  output data from the FIFO. An empty signal is provided
when the FIFO is empty.  Similar to the push/full problem, asserting the pop
signal when the empty signal is  HIGH is undefined, because some
implementations output undefined values while  others ignore the pop signal
under these conditions. FIG. 12 shows how the FIFO element 147 is
transformed into the protocol register 50 of FIG. 3  by adding logic
functions 140, 141, 143 and 145. The in_data and out data signals correspond
exactly to the FIFO element 147 input and output data ports. The inverter
140 ensures that  out-valid is HIGH if the FIFO is not empty, i.e. there is
data in the FIFO element 147. The  inverter 145 ensures that in accept is
HIGH if the FIFO is not full, i.e. there is still space  available in the
FIFO element 147. The two-input AND logic functions 141 and 143 ensure that
any possible undefined behaviors of the FIFO element 147 are precluded by
removing 13 the illegal states push=HIGH while FIFO element 147 is full and
pop=HIGH while the  FIFO element 147 is empty. FIG. 13 illustrates how the
protocol register 50 of FIG. 3 or other of the  example protocol registers
described above, or combinations of the same, are used to  create hardware
objects. The top example in FIG. 13 shows a simple pipeline stage,  where
there is one input port and one port to the hardware object 150. The
hardware  object 150 communicates to the rest of the system using messages
which can be  constructed using the packet binding described in FIG. 10. The
content and structure  of the message is not dictated by the packet binding
in FIG.10, and any form of  message and content is easily constructed,
including, but not limited to, data,  operands, results, commands,
instructions, routing directions, message status flags  and internal
structure identifiers. All messages are treated asynchronously. For the
input port, asynchronous  means being able to receive a message at any time
- the only action if the input  message cannot be processed by the hardware
object 150 is to block the input. This  is achieved by the protocol register
155 driving its in-accept signal LOW if any part  of a message cannot be
consumed or processed. For the output port, asynchronous  



means being able to output a message only when ready to do so - the only
action if  the output message is not ready is for the hardware object 150 to
output nothing.  This is achieved by the protocol register 156 driving its
out valid signal LOW. Having asynchronous messages controlling the actions
of hardware object  150 is useful to create hardware objects that directly
correspond to the behaviors and  properties of a software object. The
circuitry 151 inside the hardware object 150 can  be any combination of
circuits because the protocol registers 155 and 156 isolate the  circuitry
151 from any surrounding circuitry and thus having unanticipated side-
effects. Further, using asynchronous messages removes any timing issues
created  externally since messages can be received and output at any time.
Included in FIG. 13 is an alternative implementation of the hardware object
150. The relationship between hardware object 152 and hardware object 150
will be  described below, but it is important to note that protocol register
157 and 158 can  correspond directly to protocol registers 155 and 156
respectively. Further, circuitry 14 WO 2004/114166 PCTIUS2004/019510  153
maybe identical to circuitry 151. Hardware object 152 contains a simple FIFO
154 and an extra protocol register 159. The action of FIFO 154 and protocol
register  159 is to buffer and delay any input messages. In a synchronous
system, this delay  would result in a change of latency in operation of
hardware object 152 when 5 compared to hardware object 150, but would have
no effect on throughput or  function. In an asynchronous system there is no
strict notion of time and latency,  and so hardware object 152 and hardware
object 150 have identical behaviors. The internal protocol register 159 in
FIG. 13 shows that protocol registers can  ,have useful functions within a
hardware object, and not just at the boundaries. The  10 preferred
embodiments of the invention use protocol registers exclusively whenever  it
is beneficial to use such a register. FIG. 14 shows a simple join and simple
fork function, each with different  combinations of protocol registers. The
join function 160 operates on whole messages which correspond to the 15
packet binding of FIG. 10. A message is described in detail in the
description of FIG.  



13. A join function 160 in its simplest form has two input ports 161 and
162, one  output port 168 and synchronizes messages received on the two
input ports 161 and  162. The synchronization is performed by only starting
the output message when  both input ports 161 and 162 have the first word of
a message, and by only 20 completing when both input interfaces 161 and 162
have received the last word of  the messages that started the
synchronization process. The fork function 163 operates on whole messages
which correspond to the  packet binding of FIG. 10. A message is described
in detail in the description of FIG.  13. A fork function 163 in its
simplest form has two output ports 165 and 166, one 25 input port 164 and
duplicates an input message received on the input port 164 to both  the
output ports 165 and 166. The duplicating process is performed by only
starting  the output message when the input port 164 has the first word of a
message, and by  only completing when both output interfaces 165 and 166
have sent the last word of  the message that started the process. 30 A
protocol register 50 of FIG. 3 is shown on FIG. 14 as a filled rectangle. As
an example, rectangle 167 represents a protocol register. FIG. 14 shows all
15 WO 2004/114166 PCT/US2004/019510  equivalent topologies that create the
same fork and join functions - in effect placing  the protocol registers
does not change the function. As explained in detail in the  description of
FIG. 13, inserting protocol registers in an asynchronous system does  not
affect timing or function. 5 The different topologies in FIG. 14 show that
the decision to insert a protocol  register can be made arbitrarily. In
preferred embodiments of the invention, the  registers are placed on an IC
so as to make every protocol register have  approximately equal electrical
loading and thus similar timing characteristics. By  enforcing this rule,
every protocol register operates essentially identically. If 10 hardware
objects are constructed using protocol registers as ports as shown in FIG.
13, the input and output ports of the hardware object will have identical
function and  electrical performance, independent of which protocol
registers on the IC were  selected to implement the hardware object. This
allows hardware objects to be re- 



locatable or re-instanced with no side effects, an important feature for
hardware 15 modeling a software object whose instances are assumed to behave
identically at any  time in any place. FIG. 15 shows how the protocol
register implementation 110 in FIG. 8 can be  extended to create a protocol
register that uses asynchronous clocks, cikI and clk2,  for the input and
output interfaces respectively without repeating or losing a 20
(valid,data,packet_id) value triple. The D-type flip-flops 171, 172, 173 and
174  perform a synchronization function whereby a transition into the
synchronizer could  create a meta-stable input voltage and the action of the
synchronizer is to (randomly)  resolve that meta-stable voltage into a valid
HIGH or LOW voltage. The resolution  of the synchronizers can be random
because the original transition will remain stable 25 over at least two
cycles and so the true logic value will always be sampled correctly  on the
next cycle after the meta-stable event. In many systems more than two D-type
flip-flops (171, 172 or 173, 174) can be cascaded to reduce the probability
of a meta- stable output voltage, or particular synchronizer elements can be
used in place of the  D-type flip-flop 171, 172, 173 and 174. 30 FIG. 15
shows that the valid and accept signals are explicitly synchronized  The
in-data and in.packet id signals are sampled synchronously and the action of
16 WO 2004/114166 PCT/US2004/019510  the logic in FIG. 15 ensures that the
out data and out_packet_id signals do not  change when out-valid and
out_accept are HIGH and a transfer is made to the  receiving protocol
register (not shown). The valid and accept logic of FIG. 15 creates a latch,
whereby a logic HIGH  5 value is passed through one of the synchronizers and
cannot be reset LOW until the  corresponding HIGH value in the other
synchronizer is received. In the reset state, the critical nodes 175 and 176
are LOW and 177 and 178  are HIGH. This is the quiescent state of the
circuit. In the quiescent state, the  primary outputs out valid is LOW and
in accept is HIGH, that is the register is 10 empty and ready to start.
Having out_valid=LOW means that the state of out accept  is irrelevant in
the quiescent state. The next state can only occur when invalid goes  



HIGH, thus inputting a (valid,data,packet_id) value triple. A state register
179  ensures that node 177 will go LOW along with in accept on the next
cycle. This  ensures that no more input data can be accepted. The LOW value
of node 177 is 15 synchronized using flip-flops 171 and 172, eventually
resulting in a LOW on node  178. With both nodes 176 and 178 LOW, out_valid
is driven HIGH. A state register  180 records the time when a transfer
occurs, that is, when out-valid and out accept  are both HIGH. State
register 180 ensures that node 176 will go HIGH on the next  cycle following
a transfer. Having node 176 HIGH forces out valid LOW so that 20 the
transfer of data is not repeated. The HIGH value on node 176 is synchronized
using flip-flops 173 and 174, eventually resulting in a HIGH value on node
175. The state where the critical nodes 175 and 176 are HIGH and 177 and 178
are  LOW is a rest state where a transfer has completed. In the rest state,
having node 175 HIGH starts a chain of events whereby node 177, 178, 176 and
175 eventually  25 all return their respective quiescent states of LOW, LOW,
HIGH and HIGH. At this  point a new transfer can be started when invalid
goes HIGH. FIG. 16 is a timing diagram showing how different clock
frequencies can be  constructed from a master clock. In FIG. 16 two
"asynchronous" frequencies are  generated, in_cik and out clk. The
frequencies are always lower than master_clk, 30 and do not necessarily have
the same mark-space or even coincident clock edges. In  FIG. 16, there are 4
positive clock edges on each of in_clk and out clk for every 15  17 positive
clock edges of master_elk (if the sequence is assumed to repeat). This
means that the frequency of both in clk and out-elk are both 4/15 the
frequency of  the master clk, but the different placement of the edges
between in_clk and out_clk  indicate that both clocks are effectively
asynchronous to each other. FIG. 16 shows that clocks that are essentially
asynchronous can relatively  easily be created from a master synchronous
clock, and further, with arbitrary  frequency division ratios for each
output clock. In FIG. 16 the in clken is an enable  signal (synchronous to
master_clk) that is sampled on the negative edge of master clk and then used
as a mask for an AND function with master elk to create  the in_clk.
Similarly the out_clken is an enable signal (synchronous to master_clk)  



that is sampled on the negative edge of master clk and then used as a mask
for an  AND function with master-elk to create the out clk. The clocking
schema described  in FIG. 16 is known as pseudo-asynchronous clocking. FIG.
17 shows how the protocol register implementation 110 in FIG. 8 can be
extended to create a protocol register that uses a pseudo-asynchronous
IN_CLK and  OUT_CLK for the input and output interfaces respectively without
repeating or  losing a (valid,data,packet id) value triple. The
pseudo-asynchronous IN_CLK and  OUT_CLK are generated from a MASTER CLK, in
clken and out_clken as described in FIG. 16. The logic of FIG. 8 is
replicated in the region denoted IN CLK and creates  a protocol register
196. All D-type flip-flops in the IN_CLK region are clocked using IN_CLK.
The additional logic in the middle region denoted by MASTER_CLK serves to
ensure that the  protocol is re-formatted so that the output interface shown
in the region denoted by OUTCLK is  correctly formed and aligned to the
OUT_CLK signal. The D-type flip-flop 190 is clocked  using the MASTER_CLK
signal. The logic in the MASTER_CLK region of FIG. 17 is arranged in a
manner to  ensure that the operation is identical to the implementation in
FIG. 8 if IN CLK and  OUT CLK are identical, even at the fastest rate where
in_clken and out clken are  HIGH permanently. In this case the operation of
the logic is clear. Logic gate 191  always outputs a LOW value, as does the
D-type flip-flop 190. Logic gates 192, 193  18 and 194 are therefore in the
pass mode and the state of out-accept and out valid are  directly controlled
by the protocol register 196. For the other case where the in clken and out
clken are not permanently  HIGH in FIG. 17, the gates in the MASTER_CLK
region are controlled so that the  out-valid and the output of logic gate
193 (which is the out_accept for the protocol  register 196 clocked by
1N_CLK) are in the correct state: logic gate 192 removes the  possibility of
duplicating out valid when the next in_clken has not yet been asserted  by
driving out valid LOW, and logic gate 193 ensures that the "out-accept" is
extended (and not missed) until the next assertion of in_clken by driving
the output  of gate 193 HIGH. 



Hardware objects FIG. 18 illustrates a functional diagram of a hardware
object. As described  above, hardware objects include circuitry bounded by a
number of protocol registers.  The protocol registers can be the same
registers as described above. The presence of  registers does not affect the
logic flow of the circuitry at all, but rather are used to  balance
electrical loading by segmenting long signal wires. Each hardware object is
completely encapsulated and is not affected by the state of any other
object. The  hardware objects communicate with one another by sending
messages or message  packets. The packets can contain instructions or data,
or both. In some  embodiments, an internal state of a hardware object may
only be interrogated or  altered by using messages. Once a hardware object
receives instructions and  appropriate data, the receiving hardware object
can operate on the data to produce  output. The output can then be sent to
another object. In the described development system, hardware objects are
generally  medium-grained, i.e., not the most simple function, such as an
AND gate, but also  not an overly complex function, which would tend to
destroy the universal nature of  the collection of hardware objects. Some
examples of medium-grained objects  include 10 structures, micro-processors,
RAM, and Finite State Machines (FSM).  Some objects are extremely general
purpose; others have a fixed functionality. 19 WO 2004/114166
PCT/US2004/019510  Objects can have sub-functionality that can be inherited,
for example a Multiply  Accumulate (MAC) object can act as an adder or a
multiplier in some applications. A hardware object 300 includes a set of
particularized central circuitry 304,  which is typically "bounded" by at
least one input protocol register 310 and an 5 output protocol register 310.
In FIG. 18, multiple protocol registers 310 are present.  In practice,
because the existence and/or placement of protocol registers 310 does not
affect circuit operation, it is possible to have a hardware object that has
no protocol  registers without destroying the object's function or ability
to operate. Conversely, a  hardware object 300 may include dozens of
registers, both inside the central circuitry 10 304 and at the boundary. The
ability to place a protocol register 310 anywhere can  



be used to eliminate long signal wires to be formed within a chip by
choosing  physical locations that balance resistive and capacitive loading.
The protocol  registers 310 may differ from one another somewhat, in that
some registers may be  minimal while other registers may have additional
features or capabilities. 15 Typically, protocol registers would be
differentiated by the number of data signals  they can simultaneously
transfer. Example systems may include several types of  protocol registers
of varying types. Hardware objects 300 may stand alone, but it is much more
useful to  associate several hardware objects together. FIG. 19 illustrates
nine hardware  20 objects 300, labeled Ul - U9. Two of the hardware objects
300, U4 and U7, are independent and not associated in this example with a
hardware object. Multiple  hardware objects 300 can be associated to create
other hardware objects having more  functionality than is capable, or
preferred, by individual hardware objects alone. As  illustrated in FIG. 19,
hardware objects Ul, U2, U3 and US are associated with one 25 another to
create a hardware object 320. The hardware object 320 could have been
simply formed as a specific stand-alone circuit, with internal communication
between its component pieces. However, using embodiments of the invention,
individual hardware objects do not lose their generality simply because they
are  associated with other components. On the contrary, building more
powerful 30 hardware objects from collections of smaller hardware objects is
a distinct advantage  of using the inventive concepts contained herein. 20
WO 2004/114166 PCT/US2004/019510  FIG. 19 also illustrates another hardware
object 330 formed by associating the hardware objects U5, U6, U8, and U9.
From a functional standpoint, it does not  matter that U5 is a member of
both hardware objects 320 and 330. In some cases the  shared functionality
comes from having hardware object U5 comprised of separable 5 hardware and
each of the component functions of hardware object 320 and hardware  object
330 operating on independent hardware. In another case, the component
functions of hardware object 320 and hardware object 330 run on shared
hardware  within hardware object U5. Time-sharing functionality must be
present in hardware  



object 320 and hardware object 330 to ensure that the hardware can be shared
with l0 any appropriate priority or performance criteria. FIGS. 20A-20C
illustrate example hardware objects 300, each of which has a  different
central circuitry 304. FIG. 20A illustrates a hardware object 300 that
includes a multiply function in its central circuitry 304. The multiply
function may  be implemented by a hardware multiplier or by other methods as
is well known in 15 the art. The protocol registers 310 provide a uniform
data interface between the  hardware object 300 and other objects. FIG. 20B
illustrates a hardware object 300  that includes a memory and a shifter in
its central circuitry 304. In this example, the  memory and shifter
communicate with one another directly, without passing through  a protocol
register 310. Communication within the central circuitry 304 may use 20
internal protocol registers 310 in addition to protocol registers used at
the boundaries  of the hardware objects. Or other forms of communication can
be used within the  central circuitry 304. For instance, as illustrated in
FIG. 20B, the memory and  shifter may communicate directly to one another
using a direct bus protocol.  Additionally, the memory and shifter could
communicate through a serial line, if 25 desired. For purposes of assembling
hardware objects and developing systems that  can be implemented, it is
relatively unimportant how components within the central  circuitry 304 of
any hardware object 300 communicate with one another. The  hardware object
300 of FIG. 20B also includes protocol registers 310, to facilitate
communication between objects. 30 FIG. 20C illustrates an additional example
of a hardware object 300 having  yet other components in the central
circuitry 304. In this example, a memory and  21 WO 2004/114166
PCT/US2004/019510  state machine are additionally coupled to a register file
and an Arithmetic Logic Unit  (ALU). This example illustrates that not all
components of the central circuitry 304  need to communicate with one
another directly, and that communication using any  methods or protocols can
be integrated within the particular hardware objects 300 5 themselves. In
almost all cases, however, including protocol registers 310 at the  "edges"
of the central circuitry 304 facilitates easy aggregation of hardware
objects  



to create very powerful and complex objects. FIG. 21 illustrates that
hardware objects do not have to be bounded by the  same boundaries as other
hardware objects. In FIG. 21, five hardware objects are  10 illustrated.
Four hardware objects fixed on the IC substrate are 342, 344, 346, and 348.
An object 350 is made from elements of the objects 342, 344, and 346. The
object 350 includes the complete objects 342 and 346, but only includes a
portion of  the object 344. Specifically, the object 350 uses the memory and
only one of the  ALUs of the central circuitry 304 of the hardware object
344. Note that the object 15 350 is still bounded by protocol registers 310,
because the central circuitry 304 of the  hardware object 344 already
utilized them internally. In this instance, the object 350  can use the
protocol register 310 that was inside the central circuitry 304 of the
hardware object 344. The remaining ALU from object 344 and the whole of
object  348 are unallocated here, but can be used to form another hardware
object. 20 Objects communicate to one another by sending asynchronous
messages,  which can be implemented using message packets in preferred
embodiments of the  invention, to one another. The message packets do not
restrict the content or  structure of the message, which may include data,
instructions, addresses, and/or  information about the message packets
themselves. FIG. 22 illustrates two hardware 25 objects 360, 370 that
communicate with one another using messages between their  respective
protocol registers 310. Embodiments of the invention do not dictate any
particular message format or require that messages adhere to any certain
protocol.  Of course, as a system is being designed an understanding between
the sender and  receiver of message structure must be formed so that the
sender and the receiver can  30 interpret the messages correctly. 22 WO
2004/114166 PCT/US2004/019510  An example message 380, containing 10 words,
is also illustrated in FIG. 22. This example message 380 begins with a
routing command, which could be a  destination address or a fixed command
such as "ROUTE LEFT". When a system of  hardware objects is linked and fixed
on a re-configurable chip, as described below, 5 each hardware object on the
IC substrate may be assigned a unique address.  



Messages can be directed based on the unique address, or based on steering
commands, for example. After the routing information, the message 380
includes  flags that can be used to identify the type of information
contained in the message or  even the higher-level structure of the message.
Because messages according to the 10 protocol sent over the protocol
registers 310 can represent several different types,  flags can be used to
indicate which types are used. The flags may indicate the format  of the
message, for example containing data only, containing instructions, etc. The
example message 380 of FIG. 22 further includes a series of instructions and
operands and various flags that will be used by the receiving object 370. In
some is instances, the receiving object may simply pass some or all of the
instructions and  operands received from a sending object to another object.
Pass-through messages  are used where a first object sends a message to
another object that is not directly  connected to the first object. FIG. 23
illustrates a "messaging fork" object 400, which includes a number  20 of
elementary objects 402,404,406,408, and 410. A single data-stream A is input
to the object 400, and two outputs, Al and A2, are generated. The fork can
operate  on any data or operands included in the data-stream A. Within the
fork primitive  object 402, the message stream A is split into two component
streams Al and A2. In  its most basic form, the fork object 402 simply
duplicates data from the data-stream 25 A to make two streams Al and A2. In
other embodiments, the fork object 402 can  perform operations on the
incoming stream before parsing it into component streams.  For instance, the
fork object 402 may accept a mixed number stream in the data- stream A and
split only integers into stream Al and floating point numbers into  stream
A2. Other embodiments of fork objects 400 can simply split streams without
30 operating on them, for example all addressed messages within a specified
range can  go into output stream A2 and all other messages into output
stream Al. In this 23 WO 2004/114166 PCT/US2004/019510  manner, a large
volume of incoming data can be split across a number of separate  parallel
processes. Other types of forks include steering forks which steer packets
in  a fixed direction unless a routing command in the message packet is
encountered, at  



which point the steering fork obeys the routing command Although illustrated
as 5 only creating two resultant data streams Al, and A2, multiple fork
objects can be  linked to generate any number of resultant streams. FIG. 23
also shows that objects 404 and 406 can operate on the message  stream A2 to
create very complex fork functionalities. - Similarly, objects 408 and  410
can operate on message stream Al to create further functionalities. The 10
importance of the structure of object 400, being formed of the five objects
402, 404,  406, 408 and 410, is that the message streams Al and A2 are
operated upon in  parallel. For example, if one of the streams is
temporarily blocked, the other stream  continues processing. FIG. 23 does
not limit the length of any of the streams: in particular it could  15 be
essential to make output streams BI and B2 different lengths even though
they  were both invoked by an input message of the same length in this
example. FIG. 24 illustrates a "joining" object 420, which accepts two input
streams  and joins them as a unitary stream. Similar to the fork object
described in FIG. 23,  the join object 420 can take almost any form
necessary to implement a desired 20 function. A common join function is
synchronizing on the two input messages. In  this case both input messages
must be present before any output stream starts to  generate, and once
started, the synchronization process cannot complete until the  entirety of
each input message has been received. Another common function is the
"alternate join" function, which copies the first input message to arrive to
the output. 25 Once an input message is accepted, another message on the
other input waits for the  copy to complete. Generally the "alternate join"
function arbitrates fairly according  to a least-recently-used policy, but
other variants that have fixed input priority or act  on priority encoded in
the input messages are commonly used. The join function,  and its analog the
fork function, is extremely useful in an asynchronous compute 30 system
because the function can be used to create a computation order between the
outputs of parallel processes. 24 WO 2004/114166 PCT/US2004/019510  FIG. 24
shows that complex joining functions can be created by combining 



hardware objects together. The feedback terms 429 and 430 between objects
422  and 424 allows very complex combinations of input message streams 431
and 432 to  be implemented. Similarly object 428 can be used to post-process
the output of the 5 basic join object 426, making the final join object 420
very much more complex than  the internal basic join object 426. Similar to
FIG. 23, the essential quality of the join  object 420 is that its component
pieces operate independently. Having hardware objects that are easily
combined, operate independently and  communicate using asynchronous messages
as described in FIGS. 21, 23 and 24 is  10 not necessarily enough to
guarantee maximum system performance. Further, using  one of the variant
protocol registers as described above ensures that every component object
within a system will continue to process data until it is completely
stopped (when it cannot output and is full of valid data). The
above-described hardware objects can be formed in silicon or on another  15
substrate in a straightforward fashion. FIG. 25 illustrates an example chip
450  having a number of physically formed instances of hardware objects 454
and 455.  The objects are interconnected by data lines linked between
protocol registers, which  can have the properties of other protocol
registers described above. Input and output  pins 458 provide an interface
to the chip 450. Standard communication protocols, 20 such as USE or
Firewire could be connected to the chip 450 by including  particularized
hardware objects 454 programmed to perform the particular  connection
protocols. The particular mix of objects 454 and 455 formed on the chip 450
can vary  depending on the type of application served by the chip 450.
However, modem 25 technologies can support very large numbers of physical
objects, thus making the  applicability wide-ranging. Because the hardware
objects on the hardware chip 450  can be relatively easily configured and
re-configured, the chip 450 can be referred to  as a Re-configurable
Standard Part, or RSP. The total number of physical hardware  object
instances implemented on the RSP may be on the order of 100 - 100,000 or 30
more. The total number of different physical hardware objects (in this
example only  two) will be much fewer, for example on the order of 10. Of
course, any number of  25 



WO 2004/114166 PCT/US2004/019510  types or total number of hardware objects
can be implemented on the RSP without  deviating from the inventive concepts
described herein. By selecting which hardware objects are made on a base
RSP, particular  RSPs can be optimized for particular markets. A common
example is trading-off on- 5 chip memory capacity for computation hardware.
For example, an RSP having a multitude of compute physical hardware objects
such as adders, shifters and  multipliers, could be useful in the DSP
(Digital Signal Processing) market. In  another case, having more on-chip
memory would be useful in network routing  markets, where storing large
data-sets and buffering network packets is more  10 important than pure
mathematical computation. Software objects Once the hardware objects are
defined, embodiments of the invention allow  systems to be built by
developing a description of interconnected hardware objects.  15 Ultimately,
this description is loaded onto an RSP, described above, and a fully
programmed, very specific system is produced, using a very general
architecture.  Once programmed, the RSP system is complete and ready for
operation. To create the system of interconnected hardware objects, software
descriptions of the hardware object definitions are stored in an object
library. An  20 example library is illustrated in FIG. 26. Illustrated in
that figure is a collection of library objects, A, B, C, and D. The library
objects are pre-defined collections of  primitive object descriptions. The
existence of the unique messaging protocols and  encapsulation of each
hardware object as described above enables software object  descriptions of
the hardware objects to be already built-in to the hardware object. 25
Essential properties of a software object that are embodied in the invention
include independent execution, asynchronous messaging between objects,
encapsulation and insensitivity to context. Independent execution is a
critical quality that removes software from the  operation of the underlying
hardware it runs on, allowing many different software  30 architectures to
be effectively implemented with no hardware restrictions. 26 



WO 2004/114166 PCTIUS2004/019510  Asynchronous messaging is important
because it allows the software description to be independent of all of the
traditional timing issues in hardware  design. Further, it forces any
real-time software functionality to be explicitly defined  in the software,
rather than having "real-time" defined by a number of processor 5 cycles.
Encapsulation and insensitivity to context allow the software objects to
have  identical functionality and performance independent of the physical
location of the  hardware implementation on an IC and independent of the
particular IC type. Once a  hardware object can be built that: 10  has
built-in encapsulation,   is insensitive to context,  operates
independently,  communicates asynchronously,   is genuinely re-locatable, 15
can be any size,  can be any complexity, it is relatively easy to build
hardware object inheritance, polymorphism and  modularity by simply using a
software description that supports Object Oriented  Programming (OOP). Thus
the hardware objects have software descriptions that  20 rigidly adhere to
the OOP principals. There is no functional difference between an object in a
hardware view and in  a software view. All hardware objects can be
considered purely as instantiations of  the Object Library software
primitives. All software objects can be considered as  pure descriptions of
fully encapsulated hardware objects. In embodiments of the 25 invention,
there is a full, provable, one-to-one mapping between the hardware and
software views. The hardware/software dichotomy in the described development
system is a true bottom-up construction based on rules and relations of the
protocol  registers and the base hardware objects. All the software
behaviors and all the  hardware specific information of the hardware objects
are contained within the 30 object definition - they are stored centrally
and can be inherited. This allows new  



27 objects to be created, since all the hardware rules and relations can be
inherited from  the child instances. FIG. 26 illustrates that object A is
made of four interconnected primitive  objects, three of which being
primitive type #1 and one of which being type #2.  Once object A is placed
in the library, the object itself is available to be used by  further
objects. For example, object B, similar to object A, is also shown as a
collection of other primitive objects, while object D is a collection of
objects A and  B, only, and does not directly instance any primitive
objects. These hierarchical  relationships preserve all the OOP properties,
such as inheritance for example.  Software objects stored in the library
need not be limited to primitive objects,  however. This is illustrated in
object C's definition, which includes another library  object B along with
some additional interconnected primitive objects. Software object hierarchy
is also illustrated in FIG. 27, which shows a  number of primitive objects
collected hierarchically into a software object 460. The  software object
462 is simply a single primitive object, while software objects 464  and 466
are made from two and three primitive objects, respectively. New software
objects for the library can be created by defining a new level of  hierarchy
and abstraction. Since all of the hardware specific rules and relations are
inherited from the children, the hardware information for the new software
object is  automatically created. In practice, the Object Library can be
developed in C++,  Java, or any other another OOP Language. System
development An example software model of a complete system is illustrated in
FIG. 28.  That figure illustrates an MPEG2 decoder object 470 assembled from
a collection of  hardware primitives and pre-defined software objects from a
video decoder portion  of an object library. The video decoder library 480
includes the individual primitive objects P1-P7, along with a motion object
472 and a decompress object 474. The  motion object 472 is created from two
primitives P3 and PS, while the decompress  object 474 is created from three
primitives, P2, P4, and P6. The P6 primitive is a  2$ 



inverse Discrete Cosine Transform (DCT-1) primitive object. Primitives PI
and P7  are input/output primitive objects. Assembling the decoder 470 also
includes using  an external frame store 476, which in some embodiments can
be effected using off- chip memory. Further details are given below in
reference to the implementation of  the decoder. The software model in FIG.
28 is a true OOP description of the system: the  objects run independently
and the code is simply a collection of object instances.  Once a system is
described using such a software model, it is both executable as a  piece of
software and has the structural information required to map the model
efficiently onto hardware. Once a software system that is a collection of
software and, ultimately,  hardware objects is created, the system is mapped
onto an RSP 450 (FIG. 25) to  make a hardware product. In operation, when
the system designer designs the  system model, he or she is using properties
directly from the Object Library, which,  in turn, were generated directly
from properties of the underlying physical hardware  objects. Therefore,
when the system designer describes the desired system, the  properties of
the desired system will already have the properties of the underlying
physical hardware objects built-in. This direct correspondence from the
desired  system to the underlying physical hardware objects makes mapping
onto the RSP a  relatively simple assignment process. An example mapping
system is illustrated in FIG. 29, which illustrates the  MPEG2 decoder
object 470 of FIG. 28 being mapped onto the RSP 450 of FIG. 25 to yield
system chip 490 programmed to be an MPEG2 decoder. Each of the primitive
objects Pl- P7 of the decoder object 470 is assigned to one of the hardware
objects 454 and 455 of the RSP 450. The properties of the underlying
physical  hardware objects 454 and 455 when configured to be the primitive
objects Pl-P9 are  the same properties used to develop the decoder 470 from
the object library 480  (FIG. 28). Object P1 of the decoder 470 and the
programmed physical hardware object 455 labeled "1" on the RSP 450 are both
input objects, accepting input messages to the  system. Similarly, the
object P7 and the programmed physical object 454 labeled "7" is an output
object, which delivers the decoded video. 



29 WO 2004/114166 PCT/US2004/019510  The primitive objects P2, P4 and P6
comprising the decompress object 474 are directly mapped to three physical
hardware objects labeled "2", "4" and "6"  respectively on the RSP 450. The
hierarchical properties of the decompress object  474 is maintained on the
RSP 450, shown as the shaded region 474. Similarly, the 5 primitive objects
P3 and P5 comprising the motion object 472 is directly mapped to  two
physical hardware objects labeled "3" and "5" respectively. The hierarchical
properties of the motion object 472 is maintained on the RSP 450, shown in
the  shaded region 472. The frame store 476 of FIG. 28 is this example was
marked as being off-chip  10 in the software model, and so is not mapped on
the RSP 450, creating instead the  interface signals marked "to/from frame
store". Not all the physical hardware objects 454 and 455 on the RSP 450 are
used  for every system implementation. Indeed,'it is likely that many
physical hardware  objects will not be used. The unused physical hardware
objects may be turned off, or 15 may be set to run at extremely low clock
rates to save power. As described above, the hardware objects inherently
contain the software  object description, function and properties.
Additionally, the hardware object has  additional property requirements,
specifically: a configuration binary program that  makes the hardware
perform the desired function; the amount of hardware resource 20 needed; and
the connection rules that govern how the hardware is connected. In one
embodiment of the invention, there is only one version of the object with
one  possible underlying physical hardware object topology. In other
embodiments, there  are many different topologies and mixes of underlying
physical hardware objects that  can be programmed (using the configuration
binary attached to the object) to create 25 an object. In the latter case,
the object is said to have different incarnations. Each incarnation of an
object has exactly the same software object built-in,  but each has
different possible hardware topologies and mixes which then creates
different performance and resource utilization which can be traded by the
user  choosing particular incarnations. 



30 FIG. 30 illustrates the additional information that can be attached to
one  software object incarnation. A software object 490 is illustrated,
which could be any  30 WO 2004/114166 PCT/US2004/019510  type of object
description, for example the decoder 470 of FIG. 28. As the software  object
490 is developed, a physical hardware object topology is chosen, and a list
of  connection rules are generated. The connection rules specify the maximum
and  minimum delays that the topology can tolerate to meet a specific
performance target, 5 and must be met when the primitive objects are mapped
directly onto the hardware  of the RSP 450. As described with reference to
the hardware objects above, there is  a practical limit to the number of
protocol registers that can be associated with each  hardware object.
Therefore, there is a corresponding limit to the level of interconnection
for each hardware object. In other words, it is likely impossible that  10
every hardware object on an RSP 450 is directly connected to every other
hardware  object used in the software object. Therefore, the list of
connection rules 492 is used  to ensure that objects that must be near one
another (for example to meet performance requirements) can be, and objects
that need not be directly connected do  not have to be so connected.
Referring to the list of connection rules 492 of FIG. 30,  15 it shows that
the link between A.d and A.d (two hardware objects' port "d") must be
directly connected, i.e., have a connection length of exactly I hop. Other
objects  need not be so directly interconnected, and may be separated by up
to 3, or up to 7  connections, respectively. In practice, if hardware
objects that are not directly  connected need to communicate with one
another, they send a message -with an 20 address or routing commands to the
desired hardware object. A resource list 494 indicates how many and what
type of the physical  hardware objects on the RSP 450 form the topology of
the software object  incarnation. When the system is being designed, a
design rules checker can be used  that tracks available resources on an RSP
450, and prevents the system designer from 25 exceeding in the design the
number of resources that are physically available. Both the connection rules
492 and the resource list 494 can easily be inferred  from child primitives
in a software object using inheritance. Only primitive objects  



have a defined topology. A binaries list 496 is a list of micro-code or
microinstructions that is loaded  30 into instruction memory or
configuration registers in the physical hardware object,  and controls how
the particular physical hardware object should operate. For 31 instance, the
micro-code can be stored in instruction order so that, when the  hardware
object is initiated, the first instruction read is the desired first
instruction  for the hardware object to perform. Because the system software
object model is isomorphic with the hardware  objects on the RSP 450, the
configured RSP 450 will operate exactly as simulated in  the system model.
In practice, the binaries list 496 will typically be stored in some type of
memory, be it EEPROM, flash, or other type of ROM, or in another type of
memory  located either on or off the RSP 450. When the RSP is powered, an
initialization  process first initializes all of the hardware objects to an
initial state. One physical  hardware object may be configured on reset to
become a function that will  automatically load initial instructions. The
initial instructions are then executed to  cause the top-level binaries list
496 to be loaded into the RSP 450. The binaries list  can be distributed to
the individual hardware objects using the message packet  protocol described
above. Once the first part of the binaries are loaded into their  individual
objects, the objects can start to operate, waiting for first input data. A
flowchart explaining the processes used to create a fully programmed  system
is illustrated in FIG. 31. A flow 500 begins by partitioning the problem
into  its component parts in a process 510. Next, library objects are
imported into the  design system in a process 520. As the design is being
developed, the designer  determines if there are the correct software
objects present in the library in a decision  530. If necessary objects are
not present, for example the object does not yet exist or  a new performance
incarnation is needed, the designer can create them in a process  532 and
store the newly created objects in the library. After the design is complete
and all the necessary objects are included in the library the design is
tested in a  process 540. The design is checked in a process 550. If the
design does not pass the  



design test, for example the connection rules cannot be met, the flow 500
loops back and new object incarnations can be created in a process 555 and
the design tested. Once  the design is complete, a list of hardware
constraints from the RSP 450 is matched with  the design features to be
mapped onto the programmed RSP in a process 560, as  described above. 32. WO
2004/114166 PCT/US2004/019510  Embodiments of this invention are
particularly well suited for high data throughput applications, because the
collection of hardware objects on the RSP 450  run asynchronously with
massive parallelism. This creates incredible potential for  very large
systems that manipulate large amounts of data using complex algorithms. 5
Some particularly well suited potential applications include motion
estimation for  video encoding, high-definition video encoding and
processing, raster algorithms for  laser writers, accelerators for
high-speed wireless networks, ultra-secure encryption,  storage area
networks, HDTV video scaling, FEC for 802.13 and 802.11 g and other
wireless protocols, SNORT intrusion detection, and temporal video
interpolation for  10 display rate changes, for instance. A major aspect of
embodiments of the invention is completeness, with an  inherent ability to
both build high-performance integrated circuits and to change  them using
only software. Completeness means that the software-hardware co- design
problem is eliminated by only using a software description. 15 Using
embodiments of the invention, software and hardware views, and their
implementation, are one and the same. This allows the user of the
development  system to write programs using standard tools and languages and
then to directly  implement them in hardware, with all its attendant
performance benefits. Users of embodiments of the invention do not need to
have any hardware 20 knowledge or expertise. Such a user simply writes or
manipulates software to create  a system, which can be as complex as very
high-performance systems that only a  custom IC can provide today. Once the
system is defined in software, the software  definition is used to configure
a general purpose IC that is created with a collection  of pre-existing
physical hardware objects. The combination of a unique general 



25 purpose chip, the RSP, coupled with a software library of objects allows
the user to  quickly design and test a system that could not be designed
nearly as easily, or with  as much performance, using present day tools. 30
Example implementation 33 WO 2004/114166 PCT/US2004/019510  FIGS. 32, 33, 34
and 35 illustrate an example of how a relatively complex object can be built
using simple objects. The example object is one which convolves  two streams
together to create a filtered version of the two streams. Convolution in
the time domain is equivalent to multiplication in the frequency domain, and
is used  5 in applications where multiple filters are cascaded, such as in
wireless communication systems. The goal of the design is to create the
convolution object so  that more than one hardware multiplier can be kept
busy without having global  connections which broadcast the same value to
many component objects at the same  time. 10 FIG. 32 shows a convolution
primitive object. There are six protocol  registers forming three input
ports (labeled u;, wi and y;) and three output ports  (labeled wi+i, ui+l
and y,+,). The circuitry in The hardware object is one hardware  multiplier
and one adder. The connections in the hardware object are configured to
perform the following operations: wi+1 = Wi  15 Ui+1 = Ui Yi+i = ui * Wi +
Y; FIG. 32 also shows a schematic view of the object which illustrates the
input  and output ports and the primitive labeled as "CP". FIG. 33 shows
pseudo-code for convolution primitive object of FIG. 32. The  ports are
declared as being INPORT or OUTPORT connections of type CHANNEL.  20 The
local variables ui, wi and yi are declared as being type integer. The first
code line in the procedure is a join function of channel a and channel b.
The join function  does not complete until both channels a and b have valid
inputs. The value received  on channel a is assigned to the variable ui and
the value received on channel b is  



assigned to the variable wi. The next two lines copy ui and wi to the output
channels 25 d and e respectively. The line "c-*yi" is equivalent to another
join function with the  output of the multiply hardware, and could have been
incorporated in the first line by  using "join(a-*ui,b-*wi,c-ayi)", but
separating the two as shown in FIG. 33 allows  the multiply hardware to
proceed even if the input on channel c has not yet occurred.  The final line
indicates the value ui*wi+yi being output on channel f. 34 WO 2004/114166
PCTIUS2004/019510  FIG. 34 shows the other primitive object used in this
example. There are five (of the six available) protocol registers forming
two input ports (labeled ui  and wi) and three output ports (labeled wi+l,
ut+1 and y,+l). The circuitry in the  hardware object is just one hardware
multiplier. The connections in the hardware 5 object are configured to
perform the following operations:  Wi+1-Wi ui+1 = ui Ye+1 = ui Wi FIG. 34
also shows a schematic view of the object which illustrates the input  and
output ports and the primitive labeled as "X", shorthand for "multiply".
FIG. 35 shows how the two primitive objects in FIGS. 32 and 34 are  i0
combined in a topology to create the convolution object. Note that all of
the  connections remain point-point which keeps the wiring simple and allows
the  performance to be dictated by the primitive objects, not by the
connections of the  global wiring. The function of the convolution object is
given by the equation:  15 y(j)=iu(k)w(j-k) 0<- j<7 k4  In the FIG. 35
example it is assumed that w(i) and u(i) are zero for i>3 for  simplicity,
but in a real streaming system more input values than the first four can be
used. If we expand the series, each of the output terms is given by the
following sets  of equations: Y(O) = u(0) * w(0) 



Al) = u(0) * w(1) +u(1) * w(0) y(2) = u(0) * w(2) +u(l) * w(1) +u(2) * w(0)
20 y(3) = u(O) * w(3) +u(1) * w(2) +u(2) * w(l) +u(3) * w(O)  y(4) = u(1) *
w(3) +u(2) * w(2) +u(3) * w(l) y(5) = u(2) * w(3)+u(3) * w(2)  y(6) = u(3) *
w(3) To show that the topology of FIG. 35 generates these terms correctly,
first  examine the output y(0). The output y(0) is created by the yi+i
output of primitive  object 600, which is simply u(0)*w(0) as desired. Next
examine the output y(1).  35 WO 2004/114166 PCTIUS2004/019510  The output
y(l) is created by the y;+1 output of primitive object 601, which is the
function: Y(1) = Y+tl = u(1) * W""' + yc02 In the above equation the
superscript indicates the particular object that creates that  5 output.
Object 600 and object 602 operate as follows: w0 = w/0(0)  600 u  = ( )  uM
wz _ 600 * W(1)  Yr+1 - ur+i By combing the last four equations it is seen
that: Y(l) = u(1) * w(0)+u(0) * w(1) This process of Gaussian elimination
continues for the rest for the outputs  10 y(2)...y(6). Implementation of
the described system is straightforward to produce in light  of the above
disclosure. As always, implementation details are left to the system
designer. Individual selection of particular hardware objects, protocol
registers, 15 message formats, etc., are implementation specific and may
need to be discovered  empirically. This invention represents a pioneering
paradigm shift in the way  



systems are designed and implemented compared to present methods. Thus,
although particular embodiments for an integrated circuit development
system including hardware and software objects has been discussed, it is not
20 intended that such specific references be considered limitations on the
scope of this  invention, but rather the scope is determined by the
following claims and their  equivalents. 36 What is claimed is: 1. A
hardware register structure in an integrated circuit, comprising: a first
plurality of storage elements for storing a set of data, an indicator for
signifying a validity of the  stored set of data, and an indicator for
signifying membership in a group of the stored set of data relative to a
previous set of data and a subsequent set of data, and an update input
indicator for signifying that values in the  storage elements can be
replaced by the subsequent set of data; a second plurality of storage
elements for storing a copy set of data, an indicator signifying a validity
of  the stored copy set of data, and an indicator signifying membership in a
group of the copy set of data relative to  other sets of data; an additional
storage element structured to store the update input indicator and to
generate an update  output indicator that is delayed from the update input
indicator by one cycle; a first set of one or more logic elements structured
to cause, when the update output indicator is  asserted, a new set of copy
data, a new indicator-signifying membership in the group, and a new
indicator  signifying a validity of the new set of copy data to be loaded
into the second plurality of storage elements; and a second set of one or
more logic elements structured to cause, when the update input indicator is
asserted and the update output indicator is de-asserted, the copy set of
data presently stored in the second  plurality of storage elements to be
loaded into the first plurality of storage elements. 2. The hardware
register structure of claim 1 wherein the first and second pluralities of
storage elements  comprise edge-triggered flip flops. 3. The hardware
register structure of claim 1 wherein the first set of logic elements
comprises an OR  function having: a first input coupled to a signal output
of the indicator signifying membership in a group of the copy set  of data
relative to other sets of data, a second input coupled to the update output
indicator, and  



an output. 4. The hardware register structure of claim 3, further comprising
a multiplexer having: a first input coupled to an output of the second
plurality of registers, a second input coupled a primary  input to the
hardware register, an output coupled to an input to the first plurality of
registers, and an input 37 coupled to the output of the OR function. 5. The
hardware register structure of claim I, further comprising an OR function
having: a first input coupled to a negated output of the indicator
signifying membership in a group of the stored  set of data relative to
other sets of data, a second input coupled to the update input indicator,
and  an output. 6. The hardware register structure of claim 5 wherein the
output is coupled to an input of the additional  storage element. 7. The
hardware register structure of claim 5 wherein the output is coupled to an
enable input of the first  plurality of storage elements. 8. A method of
implementing a protocol register, comprising: parallel loading data into a
first and a second set of storage elements, the data including an indicator
of  the validity of the data, and including an indicator of a position of
the data being a member of a group; receiving a first accept signal
indicating an ability of a receiving object that is connected to an output
of  the protocol register to accept data; receiving a second accept signal
indicating an ability of the receiving object to accept data, the second
accept signal received after the first accept signal; comparing the first
accept signal and the second accept signal; retaining the data in both sets
of storage elements when the first accept signal and the second accept
signal are both de-asserted; parallel loading new data into the first and
second set of storage elements when the first accept signal  and the second
accept signal are both asserted; loading data from the first set of storage
elements into the second set of storage elements when the first  accept
signal is de-asserted and the second accept signal is asserted; and
retaining the set of data in the second set of storage elements and loading
a new set of data into the first  set of storage elements when the first
accept signal is asserted and the second accept signal is de-asserted. 



9. The method of claim 8, further comprising:  38 always loading new data
into the second set of storage elements when a signal indicates that the
data  presently stored in the second set of storage elements is invalid. 10.
The method of claim 9, further comprising: always loading new data into the
first set of storage elements when a signal indicates that the data
presently stored in the first set of storage elements is invalid. 11. The
method of claim 8, further comprising: always loading new data into the
first set of storage elements when a signal indicates that the data
presently stored in the first set of storage elements is invalid. 12. A data
pipeline element, comprising: an input interface including a first set of
data registers to store a plurality of data signals, a second register,
separate from the first set of data registers, to store a group indicator to
indicate the  membership of the data signals in a group and a relative
position of the data signals in the group, a third register to store a valid
signal to indicate the validity of the data signals, and a fourth register
to store an accept signal to indicate that the plurality of data signals and
the valid signal  can be replaced with a new plurality of data signals. 13.
The data pipeline element of claim 12, further comprising an output
interface. 14. A data pipeline comprising a plurality of the pipeline
elements of claim 12 connected in sequence, the  pipeline capable of having
more than one data set value in transit, wherein: the pipeline is logically
empty if all the valid signals of all the data sets in transit are
de-asserted;  the pipeline is full if all the valid signals of all the data
sets in transit are asserted; and an input interface accept signal to the
pipeline is de-asserted only if the pipeline is full.  15. A join element,
comprising: a first input interface including a first set of data registers
to store a plurality of first data signals, a  second register, separate
from the first set of data registers to store a group indicator to indicate
the membership  of the first data signals in a first group and a relative
position of the first data signals in the first group, a third  register to
store a valid signal to indicate the validity of the first data signals, and
a fourth register to store an  accept signal to indicate that the plurality
of first data signals and the valid signal can be replaced with a new 39
plurality of first data signals; 



a second input interface including a second set of data registers to store a
plurality of second data  signals, a fifth register, separate from the
second set of data registers to store a group indicator to indicate the
membership of the second data signals in a second group and a relative
position of the second data signals in the  second group, a sixth register
to store a valid signal to indicate the validity of the second data signals,
and a  seventh register to store an accept signal to indicate that the
plurality of second data signals and the valid signal  can be replaced with
a new plurality of second data signals; an output interface; and join
circuitry coupled to the input interfaces and to the output interface and
structured to operate only on  complete groups of data received from either
the first input interface, the second input interface, or both the first
and second input interfaces. 16. The join element of claim 15 wherein the
join circuitry is structured to perform a function on a pair-wise
combination on the group of data on the first input interface and the group
of data on the second input interface.  17. The join element of claim 16,
wherein the join circuitry is structured to begin the combination after
receiving a first data element from the group of data on the first input
interface and a first data element from the  group of data on the second
input interface. 18. The join element of claim 16, wherein the join
circuitry is structured to finish the combination only after  receiving a
last data element from the group of data on the first input interface and a
last data element from the  group of data on the second input interface. 19.
The join element of claim 15 wherein the join circuitry is structured to
perform a selection function on  the group of data on the first input
interface and the group of data on the second input interface. 20. The join
element of claim 19, wherein the join circuitry is structured to select the
group of data from  whichever input interface earliest presents a first data
element. 21. The join element of claim 19, wherein the join circuitry is
structured to make a new selection only after  receiving a last data element
on the selected input interface. 22. The join element of claim 20, wherein
both the first and second input interfaces present a first data  element
simultaneously, and wherein the join circuitry is structured to arbitrate
the selection. 23. The join element of claim 22 wherein the join circuitry
is structured to select the input interface that was  least recently used.
40 24. The join element of claim 22 wherein the join circuitry is structured
to select the input interface at  random. 



25. The join element of claim 22 wherein the join circuitry is structured to
select the input interface  according to a priority. 26. A fork element,
comprising an input interface including a first set of data registers to
store a plurality of data signals, a second  register, separate from the
first set of data registers to store a group indicator to indicate the
membership of the  data signals in a group and a relative position of the
data signals in the group, a third register to store a valid  signal to
indicate the validity of the data signals, and a fourth register to store an
accept signal to indicate that  the plurality of data signals and the valid
signal can be replaced with a new plurality of data signals; a set of
forking circuitry coupled to the input interface and structured to operate
only on complete  groups of data received from the input interface; a first
output interface; and  a second output interface. 27. The fork element of
claim 26 wherein the forking circuitry is structured to duplicate the group
of data on  the input interface and to send the duplicated group to the
first output interface and to the second output  interface. 28. The fork
element of claim 27 wherein the forking circuitry is structured to begin
duplicating after  receiving a first data signal of a group on the input
interface. 29. The fork element of claim 27 wherein the forking circuitry is
structured to end duplicating after sending  a last data signal of a group
on the first output interface and sending a last data signal of a group on
the second  output interface. 30. A data interface for accepting streams of
data one word at a time, the interface comprising: an input for
simultaneously accepting one or more pieces of data as a data word from a
preceding stage  that is coupled to the data interface, an input for
receiving, simultaneously with the data word, a message packet identifier
that indicates  whether the data word is associated with a previous data
word; an input for accepting an indication of a validity of the accepted
data word;  41 an input for accepting an indication of an ability for a
subsequent stage that is coupled to the data  interface to accept the data
word transferred from the data interface; a loading circuit structured to
cause the data interface to load a next data word from the preceding stage
if either the indication of the ability for the subsequent stage to accept
the data word is positive, or if the  



accepted data word is not valid; and a packet detect circuit structured to
detect the start of a new message packet from the message packet
identifier. 31. The data interface of claim 30 wherein the packet detect
circuit is structured to detect a data state  transition in the message
packet identifier of a first data word and the message packet identifier of
a second data  word. 32. The data interface of claim 30 wherein the packet
detect circuit is structured to identify a de-asserted  message packet
identifier as a last data word in a message packet. 33. The data interface
of claim 32 wherein the packet detect circuit is structured to identify an
asserted  message packet identifier that follows the last word in a message
packet as a first word in a subsequent message  packet. 34. A hardward
register structure, comprising: a first set of data registers to store a
data word; a second register to store a group indicator to indicate the
membership of the data word in a group of  other data words; a third
register to store a valid signal to indicate the validity of the data word;
and a fourth register to store an accept signal to indicate that the data
word and the valid signal can be  replaced with a second data word and
second valid signal. 35. The hardware register structure of claim 34,
further comprising:  a second set of data registers to store a replacement
data word;  a fifth register to store a replacement group indicator; and a
sixth register to store a replacement valid signal. 36. The hardware
register structure of claim 34, further comprising an OR gate having:  42 a
first input coupled to a negated group indicator,  a second input coupled to
the accept signal, and  an output coupled to the fourth register. 37. The
hardware register structure of claim 42, further comprising: a first mux
coupled between the first set of data registers and the second set of data
registers;  a second mux coupled between the second register and the fifth
register; and a third mux coupled between the third register and the sixth
register. 



38. The hardware register structure of claim 37, further comprising a mux
controller coupled to the first  mux, second mux, and third mux. 39. The
hardware register structure of claim 38, wherein the mux controller is
controlled by an output of the  fourth register and an output of the sixth
register. 40. A hardware object, comprising: an input interface coupled to a
sending object and structured to generate an input accept signal
independent of any information from the sending object, the input interface
structured to accept one or more  message packets from the sending object
over a communication bus that includes a data channel for data, a  separate
validity channel for a describing validity of the data, and a separate
packet channel for indicating  whether the data is a data set component
member of the one or more message packets; an object core coupled to the
input interface and structured to change states only after receiving a data
set in any message packet; and an output interface coupled between the core
and a receiving object, the output interface structured to  generate a data
valid signal independent of any information from the receiving object and
structured to send one  or more message packets to the receiving object. 41.
The hardware object of claim 40 wherein the one or more data packets sent to
the receiving object are  identical to the one or more message packets
accepted from the sending object. 42. The hardware object of claim 40
wherein one of the message packets from the sending object includes  data, a
signal signifying a validity of the data, and a signal identifying
membership in a message packet and a  relative position in the message
packet. 43. The hardware object of claim 40 wherein the message packet
includes more than one data set  43 components.  44. The hardware object of
claim 40 wherein the object core is structured to receive a message packet
asynchronous to a clock of the object core. 45. The hardware object of claim
40 wherein the object core is structured to send a message packet
asynchronous to a clock of a receiving object. 46. The hardware object of
claim 40 wherein the object core comprises:  a first core portion structured
to operate on first information; an internal protocol interface coupled to
the first core portion; and a second core portion, coupled to the internal
protocol interface and structured to operate on second  



information. 47. The hardware object of claim 46 wherein the internal
protocol interface is identical in structure to the  input interface. 48.
The hardware object of claim 47 wherein the internal protocol interface is
configurable to be a second  input interface to the hardware object. 49. The
hardware object of claim 46 wherein the internal protocol interface is
identical in structure to the  output interface. 50. The hardware object of
claim 49 wherein the internal protocol interface is configurable to be a
second  output interface to the hardware object. 51. A system, comprising:
a first hardware object; second hardware object formed on the substrate; and
a protocol register coupled between the first and second hardware objects,
the protocol register  including a first data register for storing message
data, a second data register for storing a validity signal, and a  third
data register, separate from the first data register, for storing a packet
membership signal. 52. The system of claim 51 wherein the first hardware
object comprises a protocol register as an output  register. 53. The system
of claim 51 wherein the protocol register is functionally separate from both
the first  44 hardware object and the second hardware object. 54. The system
of claim 51 wherein the protocol register is structured to pass an accept
signal to the first  hardware object indicating the ability of the protocol
register to accept data. 55. The system of claim 51 wherein the accept
signal is generated by the second hardware object. 56. The system of claim
51 wherein the accept signal is generated by the protocol register after the
protocol  receives a de-asserted valid signal. 57. A hardware object
comprising: an input interface that includes a data storage section for
data, a separate validity storage section for a  describing validity of the
data, and a separate packet storage section for indicating whether the data
is a data set  component member of a message packet; and a programmed object
core coupled to the input interface and structured to change states only
after  receiving a data set in any message packet, the object core
programmed to execute methods of a software object.  



58. The hardware object of claim 57, further comprising: one or more
protocol registers, each including a first data register for storing message
data, a second  data register for storing a validity signal, and a third
data register, separate from the first data register, for storing  a packet
membership signal, wherein each of the one or more protocol registers
realizes a separate software  method interface. 59. The hardware object of
claim 58 wherein the object core is coupled to the one or more protocol
registers  and structured to parallel execute software methods. 60. The
hardware object of claim 57 wherein the object core comprises one or more
internal protocol  registers. 61. The hardware object of claim 60 wherein
one or more of the internal protocol registers are configured to  realize
software methods. 62. The hardware object of claim 61 wherein more than one
software object can execute in parallel. 63. The hardware object of claim
57, further comprising one or more hardware objects executing in concert  to
realize the software object. 64. The hardware object of claim 57, further
comprising a second hardware object having one or more  internal protocol
registers that are configured to realize software methods, wherein the
entire first hardware  45 object and a portion of the second hardware object
execute in concert to realize the software object. 65. The hardware object
of claim 61, further comprising a second hardware object having one or more
internal protocol registers that are configured to realize software methods,
wherein a portion of the first  hardware object and a portion of the second
hardware object execute in concert to realize the software object.  66. A
method of performing a function on a system that includes a plurality of
hardware objects, the method  comprising sending asynchronous messages to
one or more of the plurality of hardware objects to invoke  software object
methods. 67. An integrated circuit development system, comprising: a library
of descriptions of a plurality of hardware objects each structured to
operate on message packets  and each object having relatively similar
electrical loading characteristics; and a modeler that references the
library and is structured to accept a command to create an instance of one
of the descriptions, and to accept a command to link two or more of the
created instances. 68. The development system of claim 67 wherein the
library further comprises a collection of software  objects. 



69. The development system of claim 68 wherein the collection of software
objects is hierarchical having a  plurality of primitive objects at a bottom
of the hierarchy, wherein each primitive object is associated with one  or
more portions of physical hardware objects. 70. The development system of
claim 69 wherein one of the collection of software objects can comprise any
number of a plurality of primitive objects, wherein the association of the
one software object is created by  aggregating the associations of the
primitive objects. 71. The development system of claim 67, further
comprising an output module structured to generate an  output file of all
the created instances. 72. The development system of claim 71 wherein the
output file is executable without compilation.  73. The development system
of claim 71 wherein the output file is a software object. 74. The
development system of claim 71 wherein the library comprises a collection of
software objects and  wherein the output file can be added to the library
and is useable as a software object. 75. A method for programming a
collection of physically instanced hardware objects, comprising:  accepting
a collection of software objects which themselves are collections of
abstractions of the  46 physically instanced hardware objects, each software
object including: a list of hardware objects used in the  software object, a
list of rules for connecting the listed hardware objects, and  an
instruction file to be loaded into the listed hardware objects; accepting a
description of the collection of the physically instanced hardware objects;
allocating an identifier to each of the physically instanced hardware
objects from the list of hardware  objects; and creating an initialization
file for the collection of the physically instanced hardware objects using
the  identifiers to replace symbolic information in the instruction file.
76. The method of claim 75, further comprising storing the initialization
file in a memory. 77. The method of claim 76 wherein the memory is one of
the physically instanced hardware objects.  78. The method of claim 76
wherein the memory is separate from the physically instanced hardware
objects. 79. The method of claim 75 wherein one of the physically instanced
hardware objects is a Read Only  Memory containing boot-up instructions. 80.
The method of claim 75 wherein one of the physically instanced hardware
objects is reset to be a state  



machine structured to load boot-up instructions. 81. The method of claim 75
wherein the hardware objects are structured to operate independently from
one  another. 82. The method of claim 75 wherein accepting a collection of
software objects comprises accepting a list of  rules for the hardware
objects to communicate to one another by passing asynchronous messages. 83.
The method of claim 75 wherein creating an initialization file comprises
creating a signal that sets an  operating speed of one of the hardware
objects. 84. The method of claim 83 wherein the operating speed is zero. 85.
The method of claim 75 wherein at least some of the collection of software
objects are formed solely of  lower level software objects. 86. The method
of claim 75 wherein creating an initialization file comprises creating a
file that will be acted  47 on by one of the hardware objects. 87. A method
for programming an integrated circuit of physically instanced hardware
objects, comprising:  accepting a library of software object descriptions of
a plurality of hardware objects contained in the  integrated circuit, each
of the plurality of hardware objects structured to operate independently of
the others; accepting a collection of specific hardware resources that
describe the integrated circuit to be  programmed; accepting a design formed
of a plurality of interconnected software object descriptions, the design
including nonspecific hardware object identifiers; associating the
nonspecific hardware object identifiers to individual specific hardware
resources in the  collection of hardware resources; and creating an
initialization file from the design and the associated specific hardware
resources. 88. The method of claim 87 wherein one of the physically
instanced hardware objects is structured to load  boot-up instructions. 89.
The method of claim 87 wherein accepting a library of software objects
comprises accepting a list of  rules for the hardware objects to communicate
to one another by passing asynchronous messages. 90. The method of claim 87
wherein creating an initialization file comprises creating a signal that
sets an  operating speed of one or more of the hardware objects. 91. The
method of claim 90 wherein the operating speed is zero. 92. The method of
claim 87 wherein at least some of the collection of software objects are
formed solely of  



lower level software objects. 93. The method of claim 87 wherein creating an
initialization file comprises creating a file that will be acted  on by one
of the hardware objects. 94. The method of claim 87 wherein creating an
initialization file comprises creating an initialization file  that includes
instructions for the hardware objects. 95. The method of claim 87 wherein
associating the nonspecific hardware object identifiers to individual
specific hardware resources in the collection of hardware resources
comprises associating at least one of the  hardware object identifiers to
one of two hardware resources having identical function. 96. The hardware
object of claim 57 wherein the hardware object is structured to invoke the
software object  48 after receiving a message that is asynchronous to a
clock of the hardware object. 97. An application development system for an
integrated circuit, the system comprising:  means for describing a plurality
of hardware objects; means for referencing the hardware object descriptions;
means for accepting a collection of software objects, each software object
including a list of hardware  object descriptions; means for associating
each software object with a collection of referenced hardware object
descriptions;  and means for creating an initialization file based on the
associations of the collection of software objects  and the referenced
hardware object descriptions. 98. The application development system of
claim 97, further comprising means for storing the initialization  file in a
memory. 99. The application development system of claim 97 wherein one of
the hardware objects is a Read Only  Memory containing boot-up instructions.
100. The application development system of claim 97 wherein one of the
hardware objects is a state machine  structured to load boot-up
instructions. 101. The application development system of claim 97 wherein
the hardware objects are structured to operate  independently from one
another. 102. The application development system of claim 97 wherein each
software object further comprises:  a list of rules for connecting hardware
objects in the list of hardware object descriptions; and an instruction file
to be loaded into the list of hardware objects. 



103. The application development system of claim 102 wherein the list of
rules includes rules for the  hardware objects to communicate to one another
by passing asynchronous messages. 104. The application development system of
claim 97 wherein at least some of the software objects include  descriptions
of other software objects. 105. The application development system of claim
97 wherein the initialization file comprises a file that can  be acted on by
one of the hardware objects. 49 106. An development system for an integrated
circuit of hardware objects, comprising: a library of software object
descriptions of a plurality of hardware objects contained in the integrated
circuit, at least two of the plurality of hardware objects structured to
operate independently of the others,  wherein at least some of the software
object descriptions contain lower level software object descriptions; a list
of a collection of hardware resources that describe the integrated circuit
to be programmed; a design space for storing a design formed of a plurality
of interconnected software object descriptions,  the design including
nonspecific hardware object identifiers; a linker structured to associate
the nonspecific hardware object identifiers to individual specific  hardware
resources in the collection of hardware resources; and a module structured
to output an initialization file from the design and the associated specific
hardware  resources. 107. The development system of claim 106 wherein the
library of software objects comprises a list of rules  for the at least two
hardware objects to communicate to one another by passing asynchronous
messages. 108. The development system of claim 106 wherein at least some of
the software object descriptions are  formed solely of lower level software
object descriptions. 109. The development system of claim 106 wherein the
initialization file includes instructions for the  plurality of hardware
objects. 50 


