
; e3e  tLX6BTH  ' j ' 23 December 2002  HIGH PERFORMANCE SYMMETRIC
ARHITRATION PROTOCOL WITH SUPPORT FOR I/O REQUIREMENT RELA'T'ED
APPLICATIONS This patent application is related to co-pending application
G8 2287159, entitled "Initialization Mechanism for Symmetric Arbitration
Agents" which is assigned to the assignee of the present application and
filed concurrently herewith. BACKGROUND OF THE INVENTION 1. Field of the
Invention. The present invention relates to the field of computer system
buses. More partieularly) the present invention relates to arbitration
protocols for computer system buses designed for sere icing multiple
processors and 1l0 devices. 2. Related Art In modern computer systems,
multiple agents are often coupled to a bus and arbitrate for the use of the
bus. An arbitration protocol determines which went has ownership of the bus
at any given time. A computer system may include multiple processors, or
similar devices, that are somewhat alike in their bus usage requirements.
The system may also include various I/O or similar devices. It is
advantageous to meet tire bus bandwidth and latency requirements of all
such agents i^ a well designed bus arbitration protocol. The bus bandwith
requirement of an 



agent is tire percentage of tune, on ,average, drat tire Particular agent
requires tree of the bus The Latency requirement of an agent is the maximum
amount of time that the agent can wait before obtaining ownership of the
bus.     -2 23 December 2002 In one arbitration scheme a central arbiter
receives requests for the use of the bus from the individual agents and
selectively grants ownership of the bus. This scheme offers flexibility
because computer system designers can individually determine a priority
scheme among the agents by customizing the central arbiter. Two drawbacks
of this approach arc: 1 ) a costly central arbiter is required) and 2) it
has a long latency of bus exchange between multiple agents. t In another
arbitration scheme) the agents are daisy-chained. In this scheme
arbitration priority between the various agents goes from highest to lowest
priority. Two drawbacks of this scheme are inflexibility and long
arbitration latency. It would be advantageous to provide an arbitration
protocol that requires no external central arbitration logic and provides
low latency of bus exchange between multiple agents. The present invention
provides such an advantageous result. It is common in computer systems to
couple various types of agents to a computer system bus. For example,
multiple processors along with I/O devices such as mass storage devices and
memory devices are often coupled to the computer system bus. These agents
have varying bus bandwidth and latency requirements. A processor agent may
use the bus 20A0 of the time while an I10 agent may use the bus far less
than 19o of the time. However, compared to a processor an I/O device
typically has a relatively low bus latency requirement to avoid overflow or
underflow conditions imposed by their limited internal buffering.
Therefore) I/O devices should obtain usage of the bus as soon as possible
to meet their loin latency requirement thereby avoiding system retries. An
overall arbitration protocol should account for the needs of different
types of bus agents. The present invention provides such an advantageous
result. Many modern computer systems can have a varying number of bus
agents. The number of agents on a particular bus may vary between systems,
or may vary over time for a given system. Thus, it would be advantageous to
provide a versatile   -323 December 2002 arbitration protocol which
supports a varying number of agents with minimal additional logic and
expense. The present invention provides such an advantageous result. In
summary) to overcome problems with prior art arbitration protocols it 



would be advantageous for an arbitration protocol: 1 ) to provide for
varying numbers of agents on the bus without requiring additional external
logic (i.e., the protocol should be "glueless"); 2) to be fair in
arbitrating between agents with similar bandwidth and latency requirements,
referred to as "symmetric agents"; 3) to provide a small latency bus
exchange between multiple agents; 4) to accommodate burst accesses by
agents; 5) to provide flexibility to meet the requirements of I/O or other
such devices) referred to as "priority agents"; 6) to meet the worst case
arbitration latency for I/O devices; and 7) to allow one clock cycle for
signal transmission between multiple agents and a separate clock cycle for
the agents to respond, referred to as a "latched bus". The present
invention provides these and other advantageous results. However, the
arbitration protocol of the present invention can also be used in a non
"latched bus" environment.    -4 23 December 2002  SUMMARY OF THE INVENTION
A system and method for providing a high performance symmetric arbitration
protocol that includes support for priority agets is described. Each
symmetric agent in the system maintains three items in order to provide
distributed arbitration using a round-robin (i.e., circular priority)
algorithm: 1) a unique Agent ID initialized during reset, 2) a Rotating ID
value that reflects the symmetric agent with the lowest priority in the
next arbitration event, and 3) a symmetric Ownership State Indicator to
indicate either a busy or an idle state. In one embodiment there arc four
symmetric agents and the circular order of priority is 0) 1, 2) 3) 0, 1) 2,
etc. with the Rotating IDs indicating which symmetric agent has the lowest
priority for the next arbitration event. Upon an arbitration event, the
symmetric agent with the highest priority becomes the symmetric owner. A
priority agent that requests the bus obtains ownership over the symmtetric
owner unless the symmetric owner is performing an atomic (i.e., bus-locked)
transaction. In one such system where Intel Architecture processors are
symmetric agents, a priority agent (such as an I/O device) requests the bus
by asserting a BPRI# signal and obtains ownership of the bus unless the
current symmetric owner is asserting a LOCK# signal. In addition, a method
is described for arbitrating between symmetric agents and a priority agent
for ownership of a bus. Elements of the described computer system include:
a system bus; a memory coupled to the system bus; a request bus coupled to
the system bus; and a plurality of processors each coupled to the system
bus and the request bus for requesting ownership of the system bus and
performing transactions on the system bus when selected to be a bus owner.
Each processor includes an agent identifier that uniquely identifies the
processor's position in a circular ordering of the processors) a rotating
identifier that indicates a lowest priority processor such that a circular
order of priority of the processors is defined, a request detector that
defects    _ 5 _ 23 December 2002  bus ownership requests by the
processors) and a symmetric arbitrator that selects a highest priority from
among processors requesting the system bus to be the bus owner. The
rotating identifier updates itself to indicate the bus owner as the lowest
priority agent. Another element that may be included is an ownership state
indicator that indicates the ownership state of the system bus. If the
ownership state is a first state the symmetric arbitrator of each processor
selects the bus owner at least one clock cycle earlier than if the
ownership state is a second state. The first and second states can be idle
and busy starts, respectively. 



According to the present invention there is provided a computer system as
set forth in claim 1 appended hereto.   -623 December 2002 The present
invention is illustrated by way of example and not limitation in the
figures of the accompanying drawings, in which like references indicate
similar elements and in which: Figure 1 is a block diagram of a
multiprocessor computer system of the present invention; Figure 2 is a
block diagram of a bus cluster system of the present invention; Figure 3 is
a block diagram of a present invention system interconnection between
symmetric agents and priority agents; Figure 4 is an illustration of the
internal state tracking mechanism for distributed arbitration among
symmetric agents; Figure 5 is a flowchart describing the steps of the
present invention for arbitrating between symmetric agents; Figure 6 is a
flowchart describing the steps of the present invention for a priority
agent to arbitrate for the bus; Figure 7 is a flowchart describing the
steps of the present invention for a 



symmetric agent to request ownership of the bus; Figure 8 is waveforms
illustrating bus arbitration initiated after a reset sequence in a mode of
the invention which includes Intel Architecture CPUs; Figure 9 is waveforms
illustrating arbitration between two or more symmetric agents while LOCK#
and BPRI# stay inactive in a mode of the invention which includes Intel
Architecture CPUs; Figure 10 is waveforms illustrating bus exchange between
a priority agent and two symmetric agents in a mode of the invention which
includes Intel Architecture CPUs; and Figure 1 I is waveforms illustrating
an ownership request made by both a symmetric and a priority agent during
an ongoing indivisible sequence by a   23 December 2002 _7_ symmetric owner
in a mode of the invention which includes Intel Architecture CPUs.   



23 December 2002  DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT A system
and method for providing a high performance symmetric arbitration protocol
that includes support for priority agents is described. In the following
description, numerous specific details are set forth, such as agent types)
bus bandwidths, signal names, etc., in order to provide a thorough
understanding of the present invention. It will be understood by one
skilled in the art that the present invention may lx practiced without
these specific details. In other instances) well-known methods) procedures,
components) and circuits have not been described in detail in order not to
obscure the invention. FIG. 1 shows an overview of an example
multiprocessor computer system of the present invention. The computer
system generally comprises a processormemory bus or other communication
means 101 for communicating information between one or more processors 102,
1 D3) 104 and 105. Processor-memory bus 101 includes address, data and
control busts. Processors I02 through I05 may include a small) extremely
fast internal cache memory, commonly referred to as a level one (LI) cache
memory for temporarily storing data and instructions on-chip. In addition,
a bigger, slower level two (L2) cache memory I06 can be coupled to a
processor, such as processor 105, for temporarily storing data and
instructions for use by processor 105. In one mode, the present invention
may include Intel architecture microprocessors as processors 102 through
105; however, the present invention may utilize any type of microprocessor
architecture, or any of a host of digital signal processors. Processor I02,
103, or 104 may comprise a parallel processor, such as a processor similar
to or the same as processor 105. Alternatively processor 102) 103, or 104
may comprise a co-processor) such as a digital signal processor. In
addition, processors l02 through l05 may include processors of different
types.    9 - 23 December 2002 Processor 102 is coupled to processor-memory
bus 101 over request bus I37 and bus 138. Processor 102 also contains a
symmetric arbitration unit 302 which controls both when processor I02
requests access to processor-memory bus 101 and when processor 102 is given
ownership of bus 101. Request bus l37 transfers the signals associated with
bus arbitration between processor 102 and the remaining agents coupled to
processor-memory bus 101. The remaining signals transferred between
processor 102 and processor-memory bus 101 are transferred over bus I38.
These remaining signals include data signals, address signals, and
additional control signals. In one embodiment, request bus 137 and bus I38
are part of processor-memory bus 101. . The other processors 103 through
105 also include a symmetric arbitration unit 302 and arc coupled to
processor-memory bus 101 with a request bus I37 and bus 138 as shown with
regard to processor 102. In one embodiment, only the symmetric agents
coupled to processor-memory bus 101 include a symmetric arbitration unit
302. In an alternate embodiment, all agents coupled to processormemory bus
l01 include a symmetric arbitration unit 302. The processor-memory bus 101
provides system access to the memory and input/output (I/0) subsystems. A
memory controller 122 is coupled with processor-memory bus 101 for
controlling access to a random access memory (RAM) or ocher dynamic storage
device 121 (commonly referred to as a main memory) for storing information
and instructions for processors I02 through 105. A mass data storage device
125, such as a magnetic disk and disk drive, for storing information and
instructions, and a display device l23, such as a cathode ray tube (CRT))
liquid crystal display (LCD), etc., for displaying information to the
computer user may be coupled to processor-memory bus 101. An input/output
(I/O) bridge 124 may be coupled to processor-memory bus 101 and system I/O
bus 131 to provide a communication path or gateway for   



23 December 2002 devices on either processor-memory bus 101 or I/O bus 131
to access pr transfer data between devices on the other bus. Essentially,
bridge 124 is an interface between the system I/O bus 131 and the
processor-memory bus 101. Bridge 124 includes a high priority arbiter unit
325 that arbitrates for ownership of the processor-memory bus 101 on behalf
of I/O devices such as 132-136. I/O bus 131 communicates information
between peripheral devices in the computer system. Devices that may be
coupled to system I/O bus 13I include a display device I32) such as a
cathode ray tube) liquid crystal display) etc.) an alphanumeric input
device 133 including alphanumeric and other keys) cte., for communicating
information and command selections to other devices in the computer system
(c.g., processor 102) and a cursor control device 134 for controlling
cursor movement. Moreover, a hard copy device 135, such as a plotter or
printer, for providing a visual representation of the computer images and a
mass storage device I36, such as a magnetic disk and disk drive) for
storing information and instructions may also be coupled to system I/O bus
131. In some implementations, it may not be required to provide a display
device for displaying information. Certain implementations of the present
invention may include additional processors or other components.
Additionally, certain implementations of the present invention may not
require nor include all of the above components. For example) processors
102 through 104, display device 123) or mass storage device 125 may not be
coupled to processor-memory bus 101. Furthermore) the peripheral devices
shown coupled to system I/O bus 131 may be coupled to processor-memory bus
101; in addition, in some implementations only a single bus may exist with
the processors 102 through 105, memory controller 122, and peripheral
devices 132 through 136 coupled to the single bus. FIG. 2 is a block
diagram showing an exemplary bus cluster system of the present invention.
The present invention carp apply to multiprocessor computer   - 11 - 23
December 2002 `Y systems having one or more clusters of processors. FIG. 2
shows two such clusters 201 and 202. Each of these clusters are comprised
of a number of agents. For example) cluster 201 is comprised of four agents
203-206 and a cluster manager 207, which may include another cache memory
(not shown), coupled to bus 2I2. Agents 203-206 can include
microprocessors, co-processors, digital signal processors, etc.; for
example, agents 203 through 206 may be the same as processor I02 shown in
FIG. 1, being coupled to bus 212 via a request bus 137 and bus 138. Cluster
manager 207 and its cache arc shared between these four agents 203-206.
Each cluster is coupled to a memory system bus 208, which in one embodiment
is processor-memory bus 101 of FIG. 1. These.clusters 201-202 are coupled
to various other components of the computer system through a system
interface 209. The system interface 209 includes a high speed I/O interface
210 for interfacing the computer system to the outside world and a memory
interface 211 which provides access to a main memory) such as a DRAM memory
array (these interfaces are described in greater detail in FIG. 1 ). In one
embodiment, high speed L'0 interface 210 is bridge 124 of FIG. 1, and
memory interface 211 is memory controller 122 of FIG. 1. Certain
implementations of the present invention may not require nor include all of
the above components. For example) cluster 20I or 202 may comprise fewer
than four agents. Additionally, certain implementations of the present
invention may include additional processors or other components. FIG. 3 is
a block diagram of a present invention system interconnection between
symmeric agents and priority agents. It should be noted that the
interconnection of FIG. 3 is exemplary only; the scope of the present
invention is not limited to the interconnection shown. Other numbers of
agents and interconnection schemes may be utilized which are within the
spirit and scope of the   23 December 2002 -12 



present invention. Furthermore, other agents besides processors and I/0
devices may be arbitrating for access to the bus) such as cluster manager
207 of FIG. 2. For bus arbitration purposes) each symmetric agent includes
BR[3:0]~, BPRI#, and LOCK# pins. The BR[3:0]~ pins (i.e., bus request pins)
are bus request pins whereby a symmetric agent receives bus ownership
requests from bus agents and sends bus ownership requests. In one mode) a
symmetric agent issues a bus ownership request by asserting its BRO~ pin
and receives bus ownership requests on each of the BR[3:0]~ pins. The BPRI#
pin (i.e., priority request pin) is a priority request pin whereby a
symmetric agent receives bus ownership requests from a high priority bus
agent. The LOCK# pin (i.e., bus-locked transaction pin) is a bus-locked
transaction pin whereby a symmetric went signals all other bus agents that
bus ownership is currently locked, i.e. bus ownership cannot change while
any bus agent is asserting its LOCKn pin. In one mode, a symmetric agent
asserts its LOCKn pin while performing an atomic operation (i.e., an
indivisible sequence of bus transactions). . The BR[3:0,]# pins of
symmetric agents 302-305 are coupled to a set of BRQ[3:0]~ signals 311-314
(i.e.) bus request signals) whereby individual symmetric agents send and
receive bus ownership requests to a:bitrate for ownership of a system bus,
such as processor-memory bus 101 of FIG. 1. Additional details of the
system bus have not been included so as not to clutter the drawings and
obscure the present invention. In a computer system where the symmetric
agents are processors (or the processors have symmetric arbitration units),
the BREQ# signals are pa,~t of the processor-memory bus 101 of FIG. I in
one mode) or pa,^t of the separate request bus 137 in another mode.
Alternatively, in a bus cluster system the BREQn signals can be pa.~t of
bus 212 of FIG. 2. Each symmetric agent's BPRI# pin is coupled to a BPRI#
signal 3I6 (i.e.) a high priority arbitration signal) which can be asserted
by hi;h priority bus agents to arbitrate for   23 December 2002 bus
ownerst>Jp. The LOCK# pins of each symmetric agent are coupled to a LOCK#
signal 318 (i.c., a bus-lock signal) which can be asserted by the current
symmetric owner to maintain bus ownership during a bus-locked transaction.
A high priority arbiter 325 is coupled to drive the BPRI# signal 3l6 to
arbitrate for bus ownership on behalf of multiple priority agents. In
addition, the high priority arbiter 325 receives the LOCK# signal 318 as an
input to indicate when it may arbitrate for bus ownership. If none of the
symmetric agents 302-305 is asserting ttte LOCK# signal 318 (i.e., the
LOCK# signal is deasserted)) the high priority arbiter 325 can assert the
BPRI# signal 316 to arbitrate for ownership of the system bus. 7"he high
priority arbiter 325 includes a set of IOREQ[n:0] pins for receiving bus
ownership requests from various priority agents. In addition, high priority
arbiter 326 includes a set of IOACK[n:0] pins for acknowledging to priority
agents that bus ownership has been granted. When a high priority request is
present on any IOREQ pin) the high priority arbiter 325 prioritizes the
current requests, 



arbitrates for bus ownership, acknowledges ownership of the bus to the
priority agent having the highest priority request. Note that the high
priority arbiter 325 can be thought of as the "priority agent" with respect
to the arbitration protocol of the present invention because the high
priority arbiter 325 arbitrates for the bus on behalf of multiple priority
agents. In the subsequent discussion of the arbitration protocol, "priority
agent" can also mean such a high priority arbiter. 1n one mode including
the high priority arbiter, priority agents each include a REQ pin and art
ACK pin. A priority agent asserts its REQ pin (i.e., a priority agent
request pin) to request ownership of the system bus. A priority agent
observes its ACK pin (i.e.) a priority agent acknowledge pin) to determine
when it has been granted ownership of the s~~stem hus.   - 14 - 23 December
2002 In one embodiment, priority agents 327 and 328 are coupled to the high
priority arbiter 325. Each priority agent's REQ output is coupled to one of
the high priority arbiter's IOREQ[O..n] inputs. Each priority agent's ACK
input is coupled to one of the high priority arbiter's IOACK[0..n] outputs.
The priority agents 327328 obtain ownership of the processor-memory bus l0I
through a request and acknowledge protocol with the high priority arbiter
325. A priority agent sends a request for ownership of the bus by asserting
its REQ output. The high priority arbiter 325 prioritizes the current
requests received on its IOItEQ[O..n] inputs) asserts the BPRI~ signal 316
to arbitrate for the bus) and notifies the selected grioriry agent when bus
ownership is granted by asserting the appropriate IOACK[O..n] output. -The
symmetric agents 0-3 may be processors 0-3 of FIG. 1 with the BREQ[3:0]#
signals being part of the processor-memory bus 101 in one mode or part of
the request bus 137 in another mode. Priority agents 0 and 1 may be LO
devices with their REQ and ACK signals being part of system-I/0 bus 131.
The high priority arbiter 325 may be embodied in the bridge 124. Thus)
present invention system interconnection scheme of FIG. 3 provides a means
whereby the symmetric agents 302-305 can arbitrate between themselves for
ownership of the bus) i.e. a symmetric agent arbitration protocol) and also
provides a means whereby priority agents 327-328 can arbitrate for
ownership of the bus) i.e. a priority agent arbitration protocol. I. The
Arbitration Protocol of the Present Invention For further clarity, the
present invention arbitration protocol embodying both the symmetric agent
and priority agent arbitration protocols is now discussed in more detail.
The following discussion is for an arbitration protocol for up to four 



symmetric agents and a priority agent (or high priority arbiter that may
arbitrate on   ' _ y 5 _ 23 December 2002 behalf of any number of other
priority agents). The present invention, however, is not limited to the
case of four symmetric agents. Other numbers of symmetric agents are within
the scope and spirit of the present invention. Note that the "priority
agent" in the following discussion can also be a high priority arbiter as
shown in FIG. 3. In the arbitration protocol of the present invention) a
single priority agent or a high priority arbiter that arbitrates on behalf
of multiple priority agents arbitrate for the bus in essentially the same
manner. Arlzitration Phase. A bus agent needs to have bus ownership before
it can initiate a bus transaction. If the agent is not the bus owner) it
enters the Arbitration Phase to obtain bus ownership. Once bus ownership is
obtained, the agent can enter the Request Phase and issue a transaction on
the bus. Ar~tration Protocol Overview. The bus arbitration protocol of the
present invention supports two classes of bus agents: symmetric agents and
priority agents. The symmetric agents support fair, distributed arbitration
using a roundrobin (i.e., circular priority) algorithm. Each symmetric
agent has a unique Agent l~ between zero to three assigned at reset. The
algorithm arranges the four symmetric agents in a circular order of
priority: 0, l) 2) 3) 0) l) 2, ete. Other numerical schemes could be used)
however. Each symmetric agent also maintains a common Rotating ID that
reflects the symmetric Agent ID with the lowest priority in the next
arbitration event. An arbitration event is the process by which a new
symmetric bus owner is determined and changed. On every arbitration event,
the symmetric agent witl'~ the highest priority becomes the symmetric
owner. Note that the symmetric owner is not necessarily the overall bus
owner (i.e. a priority agent may be the overall bus owner). The symmetric
owner is allowed to enter the Request Phase provided no other action of
higher priority is preventing the use of the bus.   - 16 - 23 December 2002
The priority agents) has higher priority than the symmetric owner. Once the
priority agent arbitrates for the bus, it prevents the symmetric owner from
entering into a new Request Phase unless the new transaction is part of an
ongoing bus locked operation. Bus locked operations are those operations,
(for example an atomic operation such as read-modify-write) which cannot be
interrupted without disturbing the integrity of the operation. The priority
went is allowed to enter the Request Ph2se provided no other action of
higher priority is preventing the use of the bus. In one embodiment) the
symmetric agents arc processors and the "priority agent" is a high priority
arbiter that arbitrates on behalf of multiple I/O devices. Besides the two
classes of arbitration agents, a bus lock can act as an arbitration
modifier. A bus agent causes a bus lock action by asserting LOCKn. The bus
lock action is available to the current symmetric owner to block other
agents, including the priority agent, from acquiring the bus. Typically a
bus locked operation consists of two or more transactions issued on the bus
as an indivisible sequence (i.e., an atomic operation). Once the symmetric
bus owner has successfully initiated the first bus locked transaction it
continues to issue remaining requests that are pa.~t of the same
indivisible operation without releasing the bus, i.e. it asserts its BR#
and LOCK pins low throughout the operation. In summary, the priority for
entering the Request Transfer Phase is: 



1. The current bus owner retains ownership until it completes an ongoing
indivisible bus locked operation. ?. The priority agent gains bus ownership
over a symmet<~ic owner. 3. Otherwise, the current symmetric owner as
dete~znined by the rotating priority is allowed to generate new
transactions. Bus Signals. The bus arbitration signals are BREQ(3:0]#,
BPRI#) and LOCK#. Referring again to FIG. 3, the BREQ[3:0]tt bus signals
are connected to the four symmetric agents in a rotating manner. This
arrangement initializes every   - 23 December 2002 symmetric agent with a
unique Agent 1D during power-on conf guration. Details of the Agent II7
initialization mechanism are described in the above-referenced patent
application. Every symmetric agent has one inputJoutput pin, BRO#, to
arbitrate for the bus during normal operation. The remaining three pins,
BR1#, BR2#) and BR3#, arc input only and are used to observe the
arbitration requests of the remaining three syrzlmetric agents. The BPRI#
signal 316 is an output from the priority agent by which the priority agent
arbitrates for ownership of the bus. In addition) BPRI# is an input to
signal the symmetric agents that a priority agent requests ownership of the
bus. LOCK# is a bi-directional signal bused among all agents. The current
bus owner uses LOCK# to define an indivisible bus locked operation.
Internal Bus States of Symmetric Agent. In order to maintain a "glueless"
mufti-agent interface among the symmetric agents, some bus states are
distributed and tracked by all symmetric agents on the bus. This is known
as a distributed symmetric arbitration protocol. "Glueless" means that no
external logic is required to perform synimet_ric arbitration. . Referring
now to FIG. 4, an illustration of the internal state traclLng mechanism for
distributed arbitration among symmetric agents is shov~n. For the internal
state tracking, each symmetric agent 500 maintains a two-bit Agent ID 505
and a two-bit Rotating ID 510 to perform distributed round-robin
arbitration. In addition, each symmetric agent 500 also maintains a
symmetric ownership state bit that describes whether the bus o~nership is
being retained by the current symmetric owner ("busy" state) or is in a
state where no symmetric agent currently owns the bus ("idle" state). Tlie
notion of idle state enables a smaller, two-clock arbitration latency from
bus request to bus ownership in some cases as will be described below. The
notion of busy state enahlcs "bus parking" but increases arbitration
latency to a rnininiurn of four clocks dug to a handshal;e with the current
symmetric   - 18 - 23 December 2002 owner. "Bus parlung" means that the
current bus owner maintains bus ownership even if it currently does not
have a pending transaction. If a transaction becomes pending before that
bus owner relinquishes bus ownership) the current symmetric owner ca.~t
drive the transaction without having to first arbitrate for the bus. The
state tracking mechanism can be implemented as a state machine using
combinational logic. ~e t A symmetric agent's Agent ID is determined at
reset, as 



described in the above-referenced application. The Agent ID is unique for
every symmetric agent. Rotati n ylD. The Rotating B7 points to the
symmetric agent that will be the lowest priority agent in the next
arbitration event with active requests, i.e. the Agent ID of the current
syrimetric bus owner if the bus is busy or the Agent ID of the previous
symmet_~ic bus owner in t~5e case of an idle bus. In one mode all symmetric
agents maintain the same Rotating ID and the Rotating m is initialized to 3
at reset. In another mode, cach symmetric agent has a different value for
its Rotating ID at any given time. However each' symmetric agent's Rotating
ID points to the same svmrnetric owner. After an arbitration event, the
Rotating ID is assigned the Agent ID of the new symmetric owner so that the
new owner becomes the lowest priority agent on the next arbitration event.
Symmetric Ownership State. The symmetric ownership state is reset to idle
on an arbitration reset. The state becomes busy when any symme :~ic agent
completes the Arbitration Phase and becomes symmetric owner. The state
remains busy while the current symmet: is owner retains bus ownership or
transfers it to a different symmetric agent on the next arbitration event.
~i'hen the state is busy, the Rotating ID is the same as the current
symmetric owner Agent ID. When the state is idle) the Rotating ID is the
same as the previous symmetric owner Agent ID.   ' _ 19 _ 23 December 2002
Note that the symmetric ownership state refers only to the symmetric bus
owner. The priority agent can have actual physical ownership of the request
bus) even when the state is busy and there is a current symmetric owner.
LT. Present Invention Arbitration Protocol Rules The arbitration protocol
of the present invention can be expressed in the following sets of
arbitration protocol rules. In the follou.~ing discussion BINIT# is a
signal that indicates a catastrophic bus protocol error. AERRis a signal
that indicates a parity error in the address of an issued bus transaction.
A.ERRn triggers a retry of the Lransaction having the error. . Symmetric
Aeent Arbitration Protocol Rules Reset Conditiqns. On observation of active
RESET# or BINIT#, a11 BREQ[3:0]# signals should be deasserced in one or two
clocks. On observation of active A.ERR# (with AERRn observation enabled),
all BREQj3:0]~ signals should be deasserted in the next clock. All agents
also re-initialize their Rotating ID to three and their ownership state to
idle. Based on this situation) the new arbitration priority is 0,1,2,3 and
there is no current symmetric owner. When a reset condition is generated by
the activation of BLh'ITn) BREQnn 



should remain deasserted until 4 clocks after BINIT# is driven inactive.
The first BREQ~ sample point is 4 clocks after Bfi~'TI"~ is sampled
inactive. When the reset condition is generated by the activation of
RESETn, BREQnn as driven by symmetric agents should remain deasserted until
Z clocks after RESET# is driven inactive. The first BRFQy sample point is 2
clocks after RESETn is sampled inactive. For power-on configuration, the
system interface Iogie should asseri BREQOr for at least tu~o clocks before
the clock in which RESETn is deasserted BFvEQO# should be deasserted by the
system interface logic   ' - 20 - 23 December 2002 in 'the clock after
RESET; is sampled deasserted. Agent 0 should delay BREQO# assertion for a
minimum of three clocks after the clock in which RESET# is deasserted to
guarantee wired-or glitch free operation. When a reset condition is
generated by AERR~, all agents except for a symmetric owner that has issued
the second or subsequent transaction of a buslocked operation should keep
BREQn# inactive for a minimum of four clocks. The bus owner n that has
issued the second or subsequent transaction of bus locked operation should
activate its BREQn~ two clocks from inactive BREQn#. This approach ensures
that the locked operation remains indivisible. Bus Rec~,uest Assertion. A
symmetric agent n can activate BREQn~ to arbitrate for the bus provided the
reset conditions are satisfied. Once activated, BREQn# should remain active
until the agent becomes the symmetric owner. Becoming the symmetric owner
is a precondition to entering the Request Phase. Ownership from Idle State.
When the ownership state is idle) a new arbitration event begins with
activation of at least one BREQ[3:0]#. During the next clock, all symmetric
agents assign ownership to the highest priority symmetric agent with active
bus request. In the following clock) all symmetric agents update their
Rotating ID to the new symmetric owner Agent >D and their ownership state
to busy. The new symmetric owner may enter the Request Phase as early as
the clock the Rotating ID is updated. Ow~~er~hip from BuS,v S-ate. When the
ownership state is busy, the next arbitration event begins with the
deassertion of BREQn~ by the current symmetric owner. During the next
clock, all symmetric agents assign ownership to the highest priority
symmetric agent with active bus request. In the following clock) all
symmetric agents update their Rotating )D to the new symmetric owner Agent
)Z7 aad their ownership state to busy. The new symmetric owner may enter
the Request Phase as early as the clock the Rotating )D is updated.   23
December 2002 ~a.~l.~n~Release with a Single Bus Request. When the
ownership state 



is busy, bus parking is an accepted mode of operation. The symmetric owner
can retain ownership even if it has no pending requests, provided no other
symmetric went has an active arbitration request. The symmetric owner n may
eventually deassert BREQn# to release symmetric ownership even when other
requests are not active. When the symmetric owner deasserts BREQn~, all
symmetric agents update their ownership state to idle, but maintain the
same Rotating ID. Bus Excha~,Qe With Multigle Bus Requests. When the
ownership state is busy) on observing at least one other BREQnn active) the
current symmetric owner n can hold the bus for back-to-back transactions by
simply keeping BREQn~ active. This mechanism should be used for bus-locked
operations and can be used for unlocked operations to prevent other
symmetric agents from gaining owner ship. A new arbitration event begins
with deactivation of BREQn~. On observing release of ownership by the
current symmetric owner, all agents assign bus ownership to the highest
priority symmetric agent arbitrating for the bus. In the following clock)
aII agents update their Rotating ID to the Agent ID of the new symmetric
owner and maintain their bus ownership state as busy. The prior symmetric
owner n deasserts BREQnn for a minimum of one clock after ownership is
granted to another symmetric agent. Priorirv Agent~A~bitration Protocol
Rules Feset Conditions. On observation of active RESETn or BL~IIT~, BPRIn
should be deasserted in one or two clocks. On observation of active AERR#,
BPRI~ should be deasserted in the next clock. When the reset condition is
generated by the activation of BINITn, BPRIn should remain deasserted until
4 clocks after BL~1IT~ is driven inactive. The first BPRI# sample point is
4 clocks after BINTTfi is sampled inactive.   - 22 - 23 December 2002 When
the reset condition is generated by A,ERRx) the priority agent should kecp
BPRI~ inactive for a minimum of four clocks unless it has issued the second
or subsequent transaction of a locked operaticin. The priority owner that
has issued the second or subsequent transaction of a locked operation
should activate its BPRI~ two clocks from inactive BPRIn. This ensures that
the locked operation remains indivisible. Bus Request Assertion. The
priority agent can activate BPIZh to seek bus ownership provided the reset
conditions are satisfied. BPRI# can be deactivated at 



any time. On observing active BPRI#, a11 symmetric agents guarantee no new
non locked requests arc generated. Bus >:,xchange from an Unlocked Bus. If
LOCKn is observed inactive in two'clocks after BPRI~ is driven asserted)
the priority agent can take ownership of the bus four clocks after BPRI#
assertion. The priority agent can further reduce its arbitration latency by
observing the bus protocol and determining that no other agent could drive
a request. For example, arbitration latency can be reduced by to two clocks
by observing ADS active and LOCKT inactive on the same clock BPRI~ asserted
or it can be reduced to three clocks by observing A.DS# active and LOCK#
inactive in the clock after BPRIn is driven asserted. ADS is a signal that)
when asserted, indicates a transaction on the bus by the current bus owner.
bus Release. The priority agent can deassert BPRIn and release bus
ownership in the same cycle that it generates its last request. It can keep
BPRh active even after the last request generation provided it can
guarantee forward progress of the symmetric agents. When deasscrted) BPRI~
stays inactive for a minimum of two clocks. Bus Lock Protocol Rules   ' -
23 - 23 December 2002 Bus Ownership Exchan?e from a Locked Bus. The current
symmetric owner n can retain ownership of the bus by keeping the LOCK#
signal active (even if BPRI# is asserted). This mechanism is used during
bus lock operations. After the lock operation is complete, the syn>lnetric
owner deasserts LOCK# and guarantees no new request generation until BPRI#
is observed inactive. On asserting BPRI#, tire priority agent observes
LOCK# for the next two clocks to monitor request bus activity. If the
current symmetric owner is performing locked requests (LOCK# active), the
priority agent should wait until LOCK# is observed inactive. II1.
C,~eration of the Present Invention A,Lhitration Protocol FIG. 5
illustrates a portion of the method of the present invention; specifically
it shows how symmetric agents arbicratc for bus ownership. The process
begins with a reset condition in step 405. During the reset condition, in
step 410 for each symmetric agent: 1 ) the Agent U~ is initialized to a
unique value of 0, 1 ( 2, or 3, 2) the Rotating ID is set to point to agent
3) and~3) the Ownership state is set to idle. From this point on, the
process proceeds after the symmetric agents have come out ef reset. The
following processing steps illustrate the distributed) round-robin
arbitration protocol of the present invention. Each symmetric agent's
internal state tracking mechanism performs the following steps to maintain
the distributed, round-robin symmetric agent arbitration protocol of the
present invention. In step 415 each symmetric agent determines whether the
ownership state is busy or idle. If the ownership state is busy the process
jumps to step 440; otherwise the process proceeds to step 420. In step 420
each Symmetric agent determines whether there is a current request for
o~~~r~crstiip oC the bus (i.e., ~hctfrer one of the BREQn# input signals is
- 24 - 23 December 2002 



asserted). A request for ownership of the bus is an arbitration event when
the ownership state is idle. If there are no BREQn~ requests the process
stays in step 420 to continue checking for a request. If there is a BREQn#
request the process , proceeds to step 42~. In step 425 each symmetric
agent assigns ownership to the highest priority symmetric agent that has an
active request. The priority is determined from the Rotating B3 values
maintained by each symmetric agent's internal state tracking mechanism. For
example, if the Rotating IDs indicate symmetric agent 3 then the highest
priority symmetric agent is agent 0. If the Rotating IDs indicate symmetric
agent 1 then the highest priority agent is agent 2. In the first example
the current priority order is 0) 1,2,3. If symmetric agents 1 and 3 have
active requests then each symmetric agent assigns ownership to agent 1. In
the second example the current priority order is 2,3,0,1. If symmetric
agents 2 and 1 have active requests then each symmetric agent assigns
ownership to agent 2. Thus the round-robin nature of the symmetric
arbitration scheme. The process proceeds to step 430. In step 430 Each
symmetric agent's Rotating ID is updated to indicate the new symmetric
owner. In one embodiment each symmetric agent has the same Rotating TD
value. In another embodiment, each symmetric agent has a different value
for its Rotating m at any given time. However each symmetric agent's
Rotating ID points to the same symmetric owner. This embodiment is
described in detail in the above-referenced patent application which is
hereby incorporated by reference. The process proceeds to step 435. In step
435 the current symmetric owner performs a bus transaction if no priority
agent has ownership of the bus (i.e., B PRIr is not asserted). The process
then jumps to step 41S to prepare for the next symmetric arbitration event.
Returning to step 4l5 to describe a second path the process can take, if
step 415 determines that the ownership state is busy then the process jumps
to step 4.40   23 December 2002 -25 where each symmetric agent determines
whether the current symmetric owner has deasserted its request (i.e., each
symmetric went samples its BR# input signals to determine if the BREQ#
signal corresponding to the current symmetric owner is dcasserted). When
the ownership state is busy, an arbitration event is when the current
symmetric owner deasserts its ownership request. If the current symmetric
owner has not deasserted its request the process proceeds to step 4~.5;
otherwise the process jumps to step 450. In step 445 the current symmetric
owner has not deasserted its request and the current symmetric owner is
parked on the bus. A symmetric owner parks on the bus either to perform a
bus locked operation or when no other symmetric agent is requesting the
bus. Step 4.45 jumps to step 435 where the current symmetric owner can
initiate a transaction on the bus if BPRI# and BNR~ arc not asserted. In
step 450 each symmetric agent determines whether any symmetric agent is
requesting ownership of the bus (i.e., whether any of the BREQnn signals
are asserted). If a symmetric agents) is requesting ownership) the process
jumps to step 425 to begin servicing the request; otherwise the process
proceeds to step 455. In step 455 the current symmetric owner releases the
bus. The Rotating IDs are not change but each symmetric agents set its
ownership state to idle. The process then jumps to step 415 to prepare for
the next symmetric arbitration event. FIG. 6 illustrates a portion of the
method of the present invention; specifically it shows how a priority agent
arbitrates for bus ownership. When a priority agent arbitrates for the bus
(by asserting BPRI#), ownership will be granted unless the current bus
owner is performing a bus-locked operation (i.c., LOCK# is asserted). To
minimize any impact on system performance, the priority agent should be
given ownership as early as possible. However, the priority went should not
begin a transaction on the bus before any current bus transactions are
completed. The ADS# signal (which is driven by the current bus owner)
indicates   



-26 23 December 2002 when a transaction occurs on the bus. Thus) when ADS#
is asserted some agent is currently performing a bus transaction. When
requesting ownership of the bus) a priority agent samples tire ADS# signal
to determine how many clocks the priority agent must wait before it can
safely take ownership of the bus. The process 600 details the timing of
when tt~e priority agent can safely take ownership of the bus. The process
starts in step 605, which may occur at any time during the operation of
Lt~e arbitration protocol of the present invention (except during the reset
sequence). Step 610 determines whether a priority agent is requesting
ownership of the bus (i.e.) whether BPRI# is asserted). If no priority
agent is requesting ownership) the process stays in step 610 to wait for a
request by.a priority agent. If a priority agent is requesting ownership of
the bus, the process proceeds to step 615. Step 615 determines whether the
bus is locked (i.e., whether LOCK# is asserted). The bus can be locked by
an agent that is perfornung a locked operation (atomic operation) or for
other reasons. if the bus is locked (LOCK# asserted) the process returns to
step 6I0. If the bus is not locked (LOCK# deasserted) the process proceeds
to step 620. Step 6Z0 determines ~t~hether a transaction is observed on the
bus (i.e., ~hether ADS# is sampled asserted) during the clock cycle in
which the priority agent asserts its request (i.e., during the cycle in
which BPRI# is asserted). If ADS# is sampled asserted) the process jumps to
step 640 to wait two clock cycles hcfore taking ownership of the bus in
step G45. If ADS# is sampled deasserted, the process proceeds to step G25
to wait one clock before proceeding to step 630. Step 630 determines
whether ADS# is sampled asserted during the clock cycle following the
assertion of BPRI#. If ADS# is sampled asserted, the process jumps to step
640 to wait two clock cycles before taking ownership of the bus in step
645.   -27 23 December 2002 If ADS is sampled deasserted, the process
proceeds to stcp 635 to wait one clock before proceeding to step 640. In
step 640 the process waits two clocks before proceeding to step 645. In
step 645 the priority agent takes ownership of the bus and initiates a bus
transaction. The process then returns to step 6I0 to service the next bus
ownership request by a priority agent. FIG. 7 illustrates a portion of the
method of the present invention; 



specifically it shows how a symmet.~ic agent requests bus ownership. The is
the process (or rules) followed by a symmetric agent in generating bus
requests. The process starts in step 700. In step 705 the symmetric agent
determines whether it needs ownership of the bus. If the symmetric agent
needs ownership of the bus, the process proceeds to step 715; otherwise the
process stays in step 710. In step ?15 the symmetric agent asserts its BRO#
output pin to request ownership of the bus (i.e.) the symmetric agent
asserts the BREQn~ signal that it drives to signal a request for bus
ownership). In step 720 the symmetric agent determines whether it has been
granted ownership of the bus under the arbitration protocol. The symmetric
agent knows that it has been granted ownership of the bus when the Rotating
ID in its internal state tracking mechanism points to the symmetric went.
If the arbitration protocol has granted ownership of the bus to the
requesting symmetric agent, the process jumps to step 725; otherwise the
process jumps to step 710. In step 725 the symmetric agent determines
whether it will be perfomZing a bus-locked transaction. If so, the process
proceeds to step 730 where the symmetric agent asserts the LOCK# signal to
prevent all other agents from gaining ownership of the bus until the
bus-locked transaction is completed. If the transaction is not bus-locked)
the process jumps to step 735.   28 _ 23 December 2002 In step 735 the
symmetric agent determines whether the transaction is a burst access
(bursty transaction). A burst access transaction is a number of hi~hspeed
memory accesses to sequential memory locations. If the transaction is a
burst access) the process proceeds to step 740 where the symmetric agent
asserts the BRO# output pin (thereby asserting its BREQnn signal) until the
burst transaction is completed. Continued assertion of the BRn pin prevents
another symmetric agent from gaining ownership of the bus until the burst
access transaction is completed. If the transaction is not bursty, the
process jumps to step 745. In step 745 the symmetric owner performs the
transaction on the bus and proceeds to step 750 when the bus transaction is
completed. In step 750 the symmetric agent determines whether another
symmetric agent is requesting ownership of the bus. If another symmetric
agent is requesting ownership of the bus then in step 760 the symmetric
owner deasscrts the BRO; output pin (thereby deasserting its BREQnn signal)
to release the bus to the next symmetric owner. The process jumps from step
760 to step 710 to repeat the process. In step 750 if another symmetric
agent is not requesting ownership of the bus then in step 755 the symmetric
owner continues asserting the BR~ pin to part: on the bus. While parked on
the bus the symmetric owner can perform transactions without having to
first arbitrate for the bus. The process jumps from step 755 to step 725 to
st-vice any pending transaction requests. It is appreciated that the
present invention arbitration protocol may be carried out by state machines
in the bus agents. For example, each symmetric agent may have an internal
state machine including the state tracking mechanism that implements the
protocol. The priority agent may also include a state machine that
implements the prvtocoI. The details of the state machines arc not
described in order not to obscure the present invention. One of ordinary
shill in the art can  



- 29 - 23 December 2002 easily provide suitable state machines to implement
the present invention arbitration protocol given the above description and
examples below. N. Examples To further illustrate the present invention
arbitration protocol) a number of examples are given. In the following
examples, a square on a waveform indicates that either a request or a
response is being driven on that signal by one of the agents. A circle on a
signal indicates that the signal is being observed by the agents. Symmetric
Arbitration of a Sin~l~ ent After RESETr. Referring now to FIG. 8,
waveform_s illustrating bus arbitration initiated after a reset sequence
are shown. BR.EQ(3:0]#, BPRI~, LOCK, and BhTRr should be deassered during
RESETn. (BREQ4; is asserted 2 clocks before RESETr is deasserted for.
initialization reasons.) Symmetric agents can begin arbitration in the
clock after RESET; is sampled deasserted by driving the BREQ[3:0]n signals.
Once ownership is obtained, the symmetric owner can park on the bus as long
as no other symmetric agent is requesting it. The symmetric owner can
voluntarily release the bus to idle. RESET# is asserted in TI, which is
observed by all a,;ents in T2. This signal forces all agents to initialize
their internal states and bus signals. In T3 or T4) all agents deassert
their arbitration request signals BREQ[3:0]n, BPRI# a.~td arbitration
modifier signals BNR# and LOCK. The symmetric agents reset their ownership
state to idle and their Rotating >D to point to syn.metric agent 3 (so that
bus agent 0 has the highest symmetric priority after RESETn is deasserted).
In T7, the clock after RESET# is sampled inactive) symmetric agent 1
asserts BREQ1# to arbitrate for the bus. In T8) all syrnmetric agents
observe active BREQIn and inactive BREQ[0,2,3]. During T8, all symmetric
agents determine 1   23 December 2002 -30 that symmetric agent 1 is the
only symmetric agent arbitrating for the bus and therefore has the highest
priority. As a result) in T9) all symmetric agents update their Rotating >D
to point to symmetric agent 1, the Agent ID of the new symmetric owner and
its ownership state to busy) indicating that the bus is busy. Starting from
T8, symmetric agent 1 continually monitors BREQ[0,2,3]~ to determine if it
can park on the bus. Since BREQ[0,2,3]# are observed inactive, symmetric
agent I continues to maintain bus ownership by keeping BREQ1~ asserted
(i.e., symmetric agent I parks on the bus). In T15, symmetric agent 1
voluntarily deasserts BREQ 1~ to release bus ownership, which is observed
by alI agents in T 16. In T 17 all symmetric agents update their ownership
state from busy to idle. This action reduces the arbitration latency of a
new symmetric agent to two clocks on the next arbitration event. Symmetric
Arbitration with no LOCK: . Referring now to FIG. 9) waveforms illustrating
arbitration between two or more symmetric agents while LOCK# and BPRI~ stay
inactive arc shown. Because LOCK and.BPRI~ remain inactive, bus ownership
is determined based on a Rotating ID and bus ownership state. The symmetric
agent that wins the bus releases it to the other agent as soon as possible.
In one embodiment, symmetzic agents are limited to one bus transaction,
unless either the outstanding operation is locked or no other agent wants
the bus). The symmetric agent may re-arbitrate one clock after releasing
the bus. Also note that when a symmetric agent n issues a transaction to
the bus, BREQn# should stay asserted until the clock in which ADS# is
asserted. 



In T1, all arbitration requests BREQ[3:0]n and BPRIn are inactive. The bus
is not stalled by BNR#. The Rotating IDs point to symmetric agent 3 and the
bus ownership state is idle. Hence) the round-robin arbitration priority is
0,1,2,3. In T2, symmetric agent 0 and symmetric agent 1 activate BREQO~ and
BREQ 1~ respectively to arbitrate for the bus. In T3) all symmetric agents
observe   - 31 - 23 December 2002 inactive BREQ[3:2J# and active
BREQ[1:0]#. Since the Rotating I17 is 3, during T3, all symmetric agents
determine that symmetric agent 0 has the highest priority and is the next
symmetric owner. In T4, all symmetric agents update the Rotating ll'7 to
zero and the bus ownership state to busy. Since BPRI# is observed inactive
in T3 and the bus is not stalled, in T4, symmetric agent 0 can begin a new
Request Phase. (If BPRI# has been asserted in T3, the arbitration event,
the updating of the Rotating D7, and ownership states would not have been
affected. However, symmetric agent 0 would not be able to drive a
transaction in T4). In T4) symmetric agent 0 initiates request phase Oa. In
response to active BREQ 1# observed in T3, symmetric agent 0 deasserts
BREQO# in T4 to release bus ownership. Since symmetric agent 0 has another
internal request) it immediately reasserts BREQOT after one clock in T5. In
T5, all symmetric agents observe BREQO# dcassertion, the release of bus
ownership by the current symmetric owner. During T5, all symmetric agents
recognize that symmetric agent I now remains the only symmetric agent
arbitrating for the bus: Ire T6) aII symmetric agents update their Rotating
ID to point to symmetric agent 1. The ownership state remains busy.
Symmetric agent I assumes bus ownership in T6 and generates request phase
Ia in T7 (three cycles from request Oa). In response to active BREQO#
observed in T5) symmetric agent 1 dcasserts BREQ 1# in T7 along with the
first clock of the Request Phase and releases symmetric ownership.
Meanwhile) symmetric agent 2 asserts BREQ2# to arbitrate for the bus. In
T8, all symmetric agents observe inactive BREQ1#, the release of ownership
by the current symmetric owner. Since the Rotating ID is one, and BREQO#)
BREQ2# are active, all symmetric agents determine that symmetric agent 2 is
the next symmetric owner. In T9, all symmetric aDents update their Rotating
lD to point to symmetric agent 2. The ownership state remains busy.   - 32
- 23 December 2002 In T10) (three cycles from request 1a) symmetric agent 2
drives request 2a. In response to active BREQO~ observed in T9) symmetric
agent 2 deasserts BREQ2# in TIO. In T11 all symmetric agents observe
inactive BREQ2# and active BREQO~. During TI I, they recognize that
symmetric agent 0 is the only symrnetric agent arbitrating for the bus. In
T 12, all symmetric agents update their Rotating ID to point to symmetric
agent 0. The ownership state remains busy. 



In T 12, symmetric agent 0 assumes bus owner ship. In T 13 symmetric agent
0 initiates request Ob (three cycles from request 2a). Because no other
agent has requested the bus, symmetric agent 0 parks on the bus by keeping
its BREQ4n signal active. . Bus Exchange Symmetric and Priority Agents with
no LOCKr. Referring now to FIG. 10, waveforms illustrating bus exchange
between a priority agent and two symmetric agents are shown. A symmetric
agent relinquishes physical bus ownership to a priority agent as soon as
possible. A maximum of one unlocked ADS# can be generated by the current
symmetric bus owner in the clock after BPRIn is asscrccd lxcausc BPRI~ has
not yet been observed. Note.that the symmetric bus owner (Rotating ID) does
not change due to the assertion of BPRI#. BPRI~ does not affect symmet,~ic
agent arbitration) or the symmetric bus owner. Finally, note that in this
example BREQO# should remain asserted until T12 because transaction Ob has
not yet been driven. An agent can not drive a transaction unless it owns
the bus in the clock in which ADS# is to be driven for that transaction. In
FIG. 10) before T1 agent 0 owns the bus. The Rotating ID points to
symmetric agent 0. The ownership state is busy. In T3, the priority agent
asserts BPRI~ to request bus ownership. In T4, symmetric agent 0, the
current owner, issues its last request Oa. In T4) all symmetric agents
observe BPRIn active) and guarantee no new unlocked request generation
starting in T5.   - 33 - 23 December 2002 In T3, the priority agent
observes inactive ADS# and inactive LOCK# and determines that it may not
gain request bus ownership in TS because the current request bus owner
might issue one last request in T4. In T5, the priority agent observes
inactive LOCK# and determines that it owns the bus and may begin issuing
requests starting in T7, four clocks from BPRI# assertion. The priority
agent issues two requests, I/Oa. and I/Ob, and continues to assert BPRI#
through T10. In TIO, the priority agent deasserts BPRI# to release bus
ownership back to the symmetric agents. In T10) symmetric agent 1 asserts
BREQ I# to arbitrate for the bus. In T11, symmetric agent 0, the current
symmetric owner pbserves inactive BPRI# and initiates request Ob in T13
(three clocks from the previous request.) In response to active BREQI#)
symmetric agent 0 deasscrts BREQO# in T13 to release symmetric ownership.
In T14 all symmetric agents observe inactive BREQO#) the release of
ownership by the current symmetric owner. Since BREQI# is the only active
bus request they assign symmetric agent I as the next symmetric owner. In
TIS all syrnmetric agents update their Rotating lD to point to symmetric
agent 1. Symmetric Priority Bus Exchange During LOCKtt. Refen-ing now to
FIG. I I ) waveforms illustrating an ownership request made by both a
symmetric and a priority agent during an ongoing indivisible sequence by a
symmetric owner are shown. When this is the case) LOCK# takes priority over
BPRI#. That is, the symmetric bus owner does not give up the bus to the
priority agent while it is driving an indivisible locked operation. Note
that symmetric agent 1 can hold bus ownership even though BPRI# is
asserted. Like the BREQ[3:0]n signals, if the priority agent is going to
issue a transaction, BPRI# should not be driven inactive until the clock in
which ADS# is driven asserted. Before T1, symmetric agent 0 owns the bus.
In Tl, symmetric agent 0 initiates the first transaction in a bus locked
operation by asserting LOCK# along   i - 34 - 23 December 2002 



with request Oa. Also in T1, the priority agent and symmetric agent 1
assert BPRI# and BREQln) respectively) to arbitrate for the bus. Symmetric
agent 0 does deassert BREQOn or LOCK# since it is in the middle of a bus
locked operation. In T7) symmetric agent 0 initiates the last transaction
in the bus locked operation. At the request's successful completion the
indivisible sequence is complete and symmetric agent 0 deasserts LOCKx in
T11. Since BREQI~ is observed active in T10, symmetric agent 0 also
deasserts BIZEQO# in TI 1 to release symmetric ownership. The deassertion
of LOCK is observed by the priority agent in T12 and it begins new-request
generation from T13. The deassertion of BREQOn is observed by all symmetric
agents and they assign the symmetric ownership to symmetric agent 1) the
symmet,-is agent with active bus request. In T13, all symmetric agents
update their Rotating m to point to symmetric agent 1, the Agent ID of the
new symmetric owner. Since syrnmetric went 1 observed active BPRI# in TI2,
it guarantees no new request generation beginning TI3. In TI3, the priority
agent deasserts BPRIn. In T15) three clocks from the previous request and
at least two clocks from BPRI# deassertion symmetric agent 1, the current
symmetric owner) issues request la. The arbitration protocol of the present
invention solves the problems of prior arbitration protocols detailed in
the background of the invention. First, the present invention provides for
varying numbers of agents on the bus without additional logic or changes to
existing external logic. This is possible due to the distributed nature of
the symmetric agent arbitration protocol. For example) a uniprocessor
computer system initially has one processor (symmetric agent). Under the
arbitration protocol of the present invention, the single symmetric
processor will park on the bus because no other requests from symmetric
agents will occur. Adding additional processors is done by simply   - 35 -
23 December 2002 inserting the added processors into empty processor
sockets on the computer system board. Since each processor tracks the bus
states with their own internal state tracking state machine) no additional
logic is required to be added to the motherboard. Second) the present
invention arbitration protocol is fair in arbitrating between symmetric
agents. The round-robin nature of the protocol provides essentially an
equal sharing of the bus between multiple symmetric agents. Third, the
latency of bus exchange between symmetric agents is small. In a "latched
bus" environment, a symmetric agent can obtain ownership of the bus in two
clocks when arbitrating from idle ownership state. From the busy ownership
state, a symmetric agent obtains ownership of the bus in three or four
clocks depending on whether the symmetric owner is or is not parked on the
bus. Fourth, the present invention arbitration protocol allows a symmetric
agent to retain ownership of the bus for burst accesses. This maintains) in
a multiprocessor environment, the performance advantage of burst accesses
by individual agents. Fifth, the present invention arbitration protocol is
flexible to support the needs of UO devices. The priority agent protocol
gives a priority agent ownership of the bus within 2-4 clocks unless the
current bus owner is performing bus-locked transaction. In one embodiment,
the longest bus locked transaction performed by a symmetric went is a
sequence of: lock memory read, lock memory read, lock resolution, lock
memory write, lock memory write. Even in this worst case, the worst case
arbitration latency for IJO devices is met. Finally, the present invention
arbitration protocol supports a "latched bus" whereby signals between
multiple agents are transmitted in one clock cycle and agents respond to
the transmitted signals in the following clock cycle. The latched bus is
advantageous in computer system because inter-processor (transmission) 



23 December 2002 - 36  delays are separated from intra-processor delays
(processor delays in responding to input signals). This makes processor
design more independent from board level design. Certain advantages of the
present invention have been particularly described. Other benefits and
advantages of the present invention, though not particularly pointed out,
are evident from the above description. Thus the system and method for
providing a high performance symmetric arbitration protocol that includes
support for priority agents has been described. In our copending UK Patent
~ Application No. 9500836.3 (2287621) from which the present case has been
divided there is claimed a computer with distributed bus arbitration
comprising: bus means for providing a communication interface; a plurality
of agents coupled to said bus means, said agents including at least one
priority'agent and a plurality of symmetric agents; memory means coupled to
said bus means for storing instructions and data; at least one of said
symmetric agents being a processor means for executing said instructions
and prccessing said data and for performing transactions on said bus means,
each of said symmetric agents having symmetric arbitration means for
arbitrating ownership of said bus means, wherein each said symmetric
arbitration means generates requests for bus ownership and receives
requests for bus ownership from other symmetric agents, each said symmetric
arbitration means arranging said symmetric agents in a circular order of
priority and selecting a symmetric owner from the symmetric agents
requesting ownership of said bus means during an arbitration event, said
symmetric owner performing a bus   23 December 2002 - 37  transaction on
said bus means; each of said symmetric arbitration means including rotating
identifier means for indicating a lowest priority symmetric agent upon said
arbitration event, ownership state means for indicating first and second
ownership states, and priority agent request detecting means for detecting
bus ownership requests from said at least one priority agent, wherein said
symmetric arbitration means of said symmetric owner releases ownership of
said bus means when a priority agent request is detected, unless said bus
transaction is a locked transaction. Further in our copending Application
No. 



( ) there is described and claimed a multiprocessor computer system
comprising: a main memory; a plurality of processors coupled to said memory
via a first bus, each processor including an arbitration unit; a plurality
of digital signal processors coupled to a second bus; a digital signal
processor arbitration unit coupled between said first bus and said second
bus; each arbitration unit is capable of arbitrating for ownership of said
first bus by asserting a request signal over said first bus, said
arbitration units further receiving said request signals from another
arbitration units, said arbitration units capable of asserting a lock
signal during ownership of said first bus during a locked transaction; and
said arbitration units further including a priority agent detection logic
for detecting a first bus ownership request from a priority agent, wherein
an arbitration unit releases ownership of said first bus when a priority
agent request is detected, unless said bus transaction is a locked
transaction.   23 December 2002 - 38  1. A computer system comprising: . a
main memory; a plurality of symmetric agents which includes at least one
processor; a first bus coupled to the symmetric agents and to the main
memory providing information transfer therebetween; a priority agent
coupled to the first bus, the priority agent incl uding an arbiter unit
that arbitrates for ownership of the first bus; wherein each of the
symmetric agents includes an arbitration unit controlling agent access to
the first bus, a symmetric agent asserting an~address strobe~signal when
performirg a transaction or. the first bus, and asserting a lock signal to
block other symmetric agents or the-priority agent from acquiring the first
bus; the arbiter unit asserting a priority signal to request ownership of
the first bus from a symmetric agent having current cwnership of the first
bus, the symmetric agent relinquishing owr_ership within a determined
number of clock cycles after the assertion of the priority signal unless
the lock signal has been asserted by the .f symmetric agent, the arbiter
unit releasing ownership of the"first bus back to the symmetric agents by
deasserting the 'priority si final . 



2. The computer system of claim 1, wherein the determined number of clock
cycles is equal to four. 3. The computer system of claim I, further
comprising: a second bus; a plurality of input/output (I/O? devices coupled
to the second bus; and   23 December 2002 - 39  wherein the priority agent
comprises a bridge circuit providing an interface between the first and
second buses) the bridge circuit including the arbiter unit which
arbitrates for ownership of the first bus on behalf of the I/0 devices. 4.
The computer system of claim 3, wherein the determined number of clock
cycles equals four. 5. The computer system of claim 1, wherein the
arbitration unit of each of the symmetric agents includes: a unique age
identification (ID); a rotating identification (ID) which reflects an agent
ID of a lowest priority symmetric agent; and a bus ownership state bit
which indicates whether the first bus is busy or idle. 6. The computer
system of claim 5, wherein the lowest priority symmetric agent is equal to
the agent ID of the symmetric agent having current ownership if the first
bus is busy. 7. The computer system of claim 5, wherein the lowest priority
processor is equal to the agent ID of a previous owner if the first bus is
idle. 8. The computer system of claim 5, wherein the agent ID and the
rotating ID each comprise two bits. 9. The computer system of claim 8,
wherein the rotating ID of the symmetric agents changes in accordance with
a round-robin arbitration scheme.
.Ah.A99.A&.A.Al(y(.AlULr.A{7.A{@.AlSR.Ay.Ah32 



.A.A`R.A`u.Au.A_.A?.Al.Al.AF.A@2.A`.A .A5.A.A&5.A,.A2.A

.A..A.A5.A&HE.A@2.A[.A&.e.AL.Ala.AHJknA
~ysnid_ZU]ca]ca]ca]ca]ca]caV]ca]ca]ca]ca]ca]ca]ca]cRa]c<a]ca]ca]ca]ca]ca]ca
]ca]c^a]ca]ca]ca]c^a]c^a]c^a]ca]ca]ca]ca!Fz]]
!(!u!!!'":"""#I#y##{vqlgb]Xid_ZU]c]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]
ca]ca]ca]ca]ca]caU]ca]caU]ca]caU]ca]ca]caU]caU]ca]ca]c^a]ca]ca
##5$^$$$&%r%%&-&w&&&
'n''''''''(*N.///284~46m7|wrmhc^Y]c]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!m7n778C9;
D<>D????FXGnGGHUHK)LOOO?PPPRSiSST_TTT|wrmhc^Y]c]]ca]ca]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!T
UGVjWWWZZ\c\]]^X^^_#_La^aaa<bxbbbffjlmnnnozupkf`[V]]ca]ca]c^a]ca]ca]ca]ca]c
a]ca]ca]c^a]ca]ca]ca]ca]c^a]ca]ca]ca]ca]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca!oq3rYr}rsw3wxy`yqy}yy~|||~~f
Kv<_}wrmhc^Ykf`[V]]c]ca]ca]ca]ca]ca]ca]c^a]c^a]ca]ca]c^a]ca]ca]ca]ca]ca]ca]
c^a]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca
_$8vk$R4L{vqlgb]Xkf`[V]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]c^a]c^a]ca]ca]ca]ca]c^a
]ca]ca]c^a]ca]ca]ca]c^a]ca]ca]c^a]ca]c^a]ca]ca]ca]ca
7?$'Ai5%j{vpkfa\Wlgb]Xkf`[V]]]ca]ca]ca]ca]caU]ca]ca]ca]ca]c^a U]c^a]c^a
U]c^a]c^a]ca]ca]c^a]ca]ca]c^a]ca]ca]c^a]ca]ca]c^a]ca]ca]ca]ca]c^a
F+NA",jv{vqlgb]X]]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]caU]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!2E469OYqIBZ=
Xd~xsnid_ZU]ca]ca]ca]ca]ca]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
]c^a]ca]ca]ca]caU]ca]ca]ca]ca]c^a]ca]c^a! w&7>
8RFW^K{vqlgb]X]c]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]caU]c a]ca]ca]c^a!, w&7>
8RFW^K{vqlgb]X]c]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]]ca]ca]ca]ca]ca]caJkiK-0,-10%Z&'()-
s10%Z&'()-910%Z&'()-s10%Z&'()-10%Z&'()-
@10%Z&'()-10%Z&'()-LnAiK-`10%Z&'()-sY10%Z&'()--10%Z&'()-10%Z&'()-310%Z&'()-
S10%Z&'()-s10%Z&'()-AiK- "l:10%Z&'()-@:10%Z&'()-:9'@ 10%Z;&'()- 9'@
10%Z&'()- `%10%Z&'()-`$10%Z&'()-@  10%Z&'()- xcA "l:10%Z!Lg 10%&'()- Lg
10%&'()- Lg 10%&'()-S 10%&'()-910%&'()-10Z10Z10Zx|}oaS1!  L&10%MM&'()- 10
10 10!910%&'()-910%8&'()-910%&'()-!Lg 10%&'()-~_@!
L&1`10%m&'()-M10%m&'()-` 10'o 10'o 



10'o 10%'o&'()-! 10%&'()- 10%'o&'()-FzaB~_@!  L&1l(410%m&'()-9'@10%m&'()-!3
10%mm&'()-3 10%m&'()-@M10%m&'()-s 10%m&'()-zbC!
L&1@910%&'()-`3&10%&'()-lyM10%&'()-` 10m 10m 10mY, 10%m&'()-:+10%m&'()-
!!!!(!u!!rS4!10%&'()-  10%&'()- !L10%DD&'()- 10 10 10!P 10%&'()-
10%&'()-!!'":"""#dErS4!10910%&'()- Y 10%&'()- y10%&'()-10%&'()-
M10%&'()-10%&'()-#I#y###5$^$dErS4!10 10%&'()- 10%&'()-z10%&'()- 



10%&'()-'10%&'()- f10%&'()-^$$$&%r%%&dErS4!10+10%&'()-l
*m10%&'()-3(@10%&'()-l @&10%&'()-`$10%&'()- "10%&'()-&-&w&&& 'k'l'm'dE:/ 10
10lY710%&'()-Y y510%&'()-310%&'()-110%&'()-Y
/G10%&'()--M10%&'()-m'n'''''''''xmbW8@s10% h&'()- 10G 10G
10G10%G&'()-10%G&'()- @10%G&'()-f 10%G&'()- 10'''(**N.}[<mbW810%
h&'()-!910%hh&'()-!910% h h&'()-910% &'()-s10%
h&'()-`!0f10%hh&'()-ZN.//////2rPbW810%!@ 10%&'()-!-10%EE&'()-FlS`10%&'()-
10 k k 10 k k 10 k k!10% k k&'()-284~46j7k7l7m7n7zl^P18s10%m&'()-s 10 10 



10!L'10%&'()-'L'10%&'()-'!,10%ww&'()-!,10%&'()-n778C9;D<>aB^P18s10 Y%
10%m&'()-33 y#10%m&'()-Fs10%m&'()- Y 10%m&'()-lG10%m&'()-!l`10%66&'()-
>D??????DE~_=8!l @ 10%  &'()-(l @ 10% U&'()-(!3&'10% U U&'()-  10m 10m
10mS8:10%m&'()-s610%m&'()-EFUGVGWGXGnGGH{\=8SL10%B&'()-Sl 10%B&'()-
!@10%BB&'()-m 10 N 10 N 10 NY010% 



N&'()-!l @ 10%[[&'()-(HUHJK)LOOOOdYNC8 10B 10B 10B% 10%B&'()-#M10%B&'()-,
10%&'()-,   10%B&'()-,@`10%B&'()-OOO?PPPRaBYNC8@ 10%&'()-3  &&10%&'()- F
10%&'()-f10%&'()--10%&'()-!x10%&'()- RSiSST_TTdEYNC8"10%&'()-
10%&'()-`!10%&'()-FS10%&'()-@ 10%&'()-
10%&'()-FTTUGVgWhWiWjWWxmbC8`10%&'()- 10 10 10/10%&'()- -10%&'()-S&10%&'()-
s$910%&'()-WWZZ\c\]dEmbC8' 10%&'()-`%10%&'()- s 10%&'()-9g10%&'()-
10%&'()-&10%&'()- ]]^X^^____dYNC8 10 



10 10`9F10%&'()-` 7 10%&'()-s,5 10%&'()-L93`10%&'()-
LY1-10%&'()-_#_Laaa<bxbdEYNC8 10%m&'()- `10%m&'()-,10%m&'()-LZ10%m&'()-
10%m&'()-My&10%m&'()-3xbbfffff9ij_=8!@10%@>@>&'()-!@10%@@&'()- 10%@&'()-
10m 10m 10m`,
10%m&'()-l10%m&'()-jYlllMmmna?_=8!!v@,10%&'()-@,10%@&'()-!A@,10%&'()-@,10%@
&'()-10%@&'()--10%@&'()--nnnnnopq3rrP183@ 10%<&'()-z!Fz 10%44&'()-'Fz
10%<&'()-'!0S10%<<&'()-F 10@@ 10@@
10@@!6Y10%@@&'()-3r}rsswwww3wuj_=83!0lz&10%&'()-m 10< 10< 10<s'@
10%<&'()-3s!10%&'()-3s!10%<&'()-!3@ 10%<<&'()-z3wxy`yqyy~|aBj_=83!`S
10%&'()-10%&'()- 10%&'()- 10%&'()-! 10%bb&'()-3S10%&'()- ~||~~~~~fbC83!YF
10%&'()- Yy10%&'()-lg&10%&'()- 10 



10 109010%&'()-m F.10%&'()-f KvdEbC83! 3z10%&'()-3S10%&'()-F10%&'()-3
`10%&'()-10%&'()-Y910%&'()-<_dE:/ 10 102G10%&'()-&010%&'()-F.Z10%&'()-
f,10%&'()- *Z10%&'()- !10%&'()-uS1/
!s10%&'()-!s10%&'()-s10%&'()-!10%RR&'()-10%&'()-F&10%&'()- 10$~\= !sF
@10%O&'()- !l@z10%OO&'()-  10 10 109/10%&'()- !Ll" 10%nn&'()-`Ll"
10%&'()-`$8vkdE~\= !s3.10%O&'()- ! 10%O&'()-l   



S10%O&'()-3y@ 10%O&'()-3 F10%O&'()-F3 S 10%O&'()- $R123dE:/ 10O
10O9310%O&'()- 7 10%O&'()-5m10%O&'()-310%O&'()-110%O&'()-0
10%O&'()-34L7xY:/ 10O 10%&'()-10%&'()- 310%&'()- 10%&'()-z10%&'()-10%&'()-
10O?$%&dE:/ 10
10`3710%&'()-s-10%&'()-t`+@10%&'()-10%&'()--310%&'()-z10%&'()-&'A5%oP./!@
10%((&'()- @ 10%(&'()- !@ 10%&'()- !3,- 10%&'()-!3,- 10%((&'()-
f&10%(&'()-3 10 rP1!10%O&'()-S! S10%OO&'()- S10%O&'()-!`S&10%gOgO&'()-G
10hh 10hh 10hh! @ 10%hh&'()-  jzl^P1!10%O&'()-S 10OO 



10OO 10OO!&10%OO&'()-!&10%OO&'()-&10%O&'()-!10%&'()-S
Ku}[9P1!!10%-u-u&'()-!10%-u-u&'()-10%-u&'()-!  10%99&'()-@
10%-u&'()-@!3@10%-u-u&'()-uF~_@!!f 10%"&'()-10%"&'()-S10%"&'()- 10-u 10-u
10-ul.10%-u&'()-`!10%ii&'()-F+dE~_@!!L(M10%"&'()-sy 10%"&'()-s10%"&'()-@S
10%"&'()-`@S 10%&'()-`s`10%"&'()-+N~_@!!,z10%T&'()-S10%T&'()- 10" 10" 10"&7
10%"&'()--!y&34 10%""&'()-@`),
10%"&'()-z:A"}[9~_@!!F10%EE&'()-3!F10%TT&'()-3F10%T&'()-3!10%@j@j&'()-`!10%
TT&'()-`10%T&'()-`",`~\:!!!+`SS 10%55&'()-!10%55&'()-G 10T 10T
10Tf2l10%T&'()-!'10%gg&'()-l '10%T&'()-l `%j%}[<~\:!!!&(10%5&'()-!9,10%
&'()-m 9,10%5&'()-m !`SS 10%&'()-!`SS 10%&'()-`SS 10%&'()-%v~_@!!!
10%(&'()-10%(&'()-l10%(&'()- 



105 105 105210%5&'()-!&(10%55&'()-EpO4z[9~_@!! +10%((&'()-@ +10%(&'()-@!F
10%&'()- F 10%(&'()- !lm10%((&'()- !lm10%((&'()- 46789O~\:!!!y@
10%zz&'()-!y@ 10%zz&'()-y@ 10%z&'()-!z10%zz&'()- 10( 10(
10(,`<s10%(&'()-sVWXYqzl^P1!l@10%<&'()- 10zz 10zz 10zz!&!- 10%zz&'()-!&!-
10%zz&'()-&!- 10%z&'()-!y@ 10%k}k}&'()-q I}[<^P1!lK 10%<&'()-!YS
10%<<&'()-@!YS 10%<<&'()-@YS
10%<&'()-@!lm10%&'()-ylm10%<&'()-yi?@ABZ=~_=!l!s 10%HH&'()-10%H&'()-G 10<
10< 10<) 10%<&'()-4!Fq"10%&'()-Fq"10%<&'()-=& d|}[<1=! 10H3Y10%H&'()-!
10%&'()- 10%H&'()-!Ll 



g 10%))&'()-!Ll g 10%&'()-Ll g 10%H&'()-aB=! 10Hs9
10%"&'()-M!@Z10%""&'()-!@Z10%""&'()-!@Z10%""&'()-!Q&'10%+"+"&'()-Y 10H 10HY
rS1!!&10%OO&'()-Y@10%O&'()- 10KK 10KK 10KK!Ll( 10%KK&'()-Ll( 10%"&'()-!s9
10%""&'()-M A}[9rS1!!!Y@ 10%hh&'()-!Y@ 10%OO&'()-Y@ 10%O&'()-!  10%oo&'()-
!  10%OO&'()-  @, 10%O&'()-~_=!!!!310%&'()--310%R&'()--F10%O&'()- 10O 10O
10O0m10%O&'()- !Y@ 10%[[&'()-8*w>|}z[9+= 



10!'10%&'()-'10%O&'()-! l10%&'()- ! l10%OO&'()-  l10%O&'()-
!310%OO&'()--}~AdB=
10!!`:!10%""&'()--2!`:!10%""&'()--2:!10%"&'()--2`10%"&'()-10%"&'()- 10
10di#$%wUG9= 10 10""
10""!`:!10%""&'()--2!`:!10%""&'()--2!`:!10%""&'()--2!`:!10%""&'()--2!`:!10%
""&'()--2%&7>]}   rP1= 10`sM!10%5&'()-2!`sM!10%&'()-2!`sM!10%55&'()-2sM!10%
&'()-2M10%5&'()-10%5&'()- 10"" uv yW51=
10!`sM!10%55&'()-2!`sM!10%55&'()-2!`sM!10%55&'()-2!`sM!10%55&'()-2!`sM!10%5
5&'()-2 `sM!10%&'()-2 8uS40!10%e&'()-!` 10%::&'()-!Y
10%??&'()-M10%&'()-10%&'()- 1055 1055
105581tRwX6uS40!^l2"10%&'()-g!10%&'()-!`!10%&'()-!`!10%&'()-!`!10%&'()-!!10
%&'()-CDEFW^sT50FM10%G&'()-10%G&'()- 



10 10 10!`s6:!10%&'()-s `s6:!10%DD&'()-ss6:!10%&'()-s^K5}[9sT50!`s
10%GG&'()-!`s 10%GG&'()-!s 10%&'()-@ 10%G&'()-!10%G&'()-S! !10%GG&'()-s,
}[9sT50!`s 10%GG&'()-!`s 10%GG&'()-!4 10%G&'()-s0 10%G&'()-S* 10%G&'()-#
10%G&'()- Normal" "Heading 13]c" "Heading 23]c" "Heading 33]c" "Heading
43]c" "Heading 53]c" "Heading 63]c" "Heading 73]c" "Heading 83]c" "Heading
93]c"A "Default Paragraph Font m$$,l4<WDLiT\ckt{3&8XA~%E
"$&(*,.02468:<>@BDFHJLNPRTVXZ\^`bdf#m7To_
Axz!#^$&m''N.2n7>EHORTW]_xbjn3r3w~|f$3& uF+"`%4q= }% 8^ 6Times New
RomanArialCourier New"h Root EntryWordDocument
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~  




