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METHOD OF BUS ARBITRATION USING
REQUESTING DEVICE BANDWIDTH AND
PRIORITY RANKING

RELATED APPLICATIONS

The subject matter of the U.S. Patent Application entitled
APPARATUS FOR EFFICIENT BUS ARBITRATION,
filed on Oct. 15, 1998, application Ser. No. 09/173,507.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to computers. More particularly, the
invention relates to bus arbitration within a computer.

2. Description of the Related Art

FIG. 1 is a block diagram showing a computer system 10.
The computer system 10 includes a processor bus 12
coupled to a cache memory 14 and to a computer processor
16. Typical processor buses currently operate at clock speeds
between 66 MHz and 133 MHz. The computer system 10
also includes a system memory 17 coupled to the processor
bus 12 by a memory controller 18. A Peripheral Components
Interconnect (PCI) bus 22 is also coupled to the processor
bus 12 by a PC-host bridge 20. The PCI bus 22 is used to
separate the operation of the peripheral components from the
functions executed over the processor bus 12 so that the
processor bus 12 may remain dedicated to directly serving
the computer processor 16. Separating these operations
increases the effective operation speed of the computer.
Typical PCI buses currently operate at clock speeds between
33 MHz and 66 MHz. A graphics monitor 26 is coupled to
the PCI bus 22 by a graphics controller 24. An Industry
Standard Architecture (ISA) bus 28 also is coupled to the
PCI bus 22 via a PCI/ISA bridge 30. A hard drive 32 and an
input device 34, such as a keyboard, game adaptor, mouse,
or microphone, are coupled to the ISA bus 28. The ISA bus
28 is an expansion bus used to separate additional functions
from the functions executed over the processor bus 12.
Typical ISA buses currently operate at clock speeds between
6 MHz and 8.33 MHz.

As computer devices have become more sophisticated and
faster, it has become more difficult for the computer buses,
such as the processor bus 12, the PCI bus 22 and the ISA bus
28 to keep up with the increased rate of data flow requested
by the various computer devices. Whenever the graphics
controller 24, hard drive 32 or input device 34 requests
access to the system memory 17, the request must be
transmitted across the PCI bus 22 as well as the processor
bus 12. As such, the performance of the computer system 10
can be limited by the throughput of the processor bus 12, the
PCI bus 22, and the ISA bus 28. As the speed of the
computer devices continues to increase, the dependence of
the computer performance upon the delay caused by sharing
the computer bus resources becomes more acute.

In addition to the increased speed of current computer
devices, the computer buses must be able to handle an
increased number of computer devices. For example, many
current computer systems have Compact Disc-Read Only
Memory (CD-ROM) drives, local area network (LAN)
connectors, modems, plural microprocessors, high speed
redundant array of inexpensive disks (RAID) controllers and
fiber optic network connectors, in addition to the standard
computer devices shown in FIG. 1. Each new computer
device or peripheral added to the computer must share the
same limited bus resources.

A device which contends for the shared bus resource is
referred to as a bus mastering device. Each bus mastering
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device may have different operating characteristics than the
others. Such operating characteristics include the speed at
which the device operates and resource usage patterns. Only
one of the bus mastering devices on the PCI bus 22 may use
the PCI bus 22 at any one time. If a device wants to carry
out a transaction over the PCI bus 22, it must first be
assigned control of the PCI bus 22 by a bus arbiter 21.
Therefore, when one of the bus mastering devices desires
control of the PCI bus 22, it sends a request to the bus arbiter
21. If the bus is idle, the bus arbiter 21 assigns control of the
PCI bus 22 to the device to complete one transaction. After
completing the transaction, the device must return control of
the PCI bus 22 to the bus arbiter 21. If the bus mastering
device has additional bus transactions to complete, it may
once again request control of the bus.

In prior art systems, each bus mastering device is given
equal access to the PCI bus 22. The bus arbiter 21 cycles
through a circular priority regime in which each device is in
turn given priority over all others if it has a transaction to
complete. For example, if there are four bus mastering
devices on a bus, the bus arbiter 21 assigns a priority ranking
to the devices in the pattern such as 0, 1,2, 3,0, 1,2, 3 ..
. with the priority rank assigned to each device rotating each
time that any device accesses the bus. If the highest priority
device does not have a transaction to complete, the control
of the PCI bus 22 may be passed to the device with the next
highest priority which has a transaction to complete.

As technology advances, some bus mastering devices
continue to have increasing operating speeds and are,
therefore, able to transfer large amounts of data quickly.
Other devices have more limited operating speeds. In
addition, the operation associated with certain device con-
sistently entails the transfer of large blocks of data while
other devices generate smaller more sporadic blocks of data.
Therefore, in a computer system, each bus is likely to be
serving requests from a set of bus mastering devices with a
large variety of capabilities and requirements.

As the need for computer speed continues to increase, it
is advantageous to promote the efficient use of the system
resources which are available. The prior art bus arbitration
scheme may provide an efficient allocation of resources in a
system in which equally performing bus mastering devices
request the use of system resources in a similar and consis-
tent manner. However, in reality, the speed at which the bus
mastering devices are capable of operating can vary by an
order of magnitude. In addition, the usage pattern for the
devices, in terms of the frequency of the requests and the
number of consecutive requests which are received from any
one device, may vary from device to device. Under these
operating conditions, the uniform arbitration scheme of the
prior art does not promote the efficient use of system
resources. The slower devices with large blocks of data to
transfer can interfere with the transfer of data from faster
devices. Therefore, when the bus resources are not sufficient
to service the needs of the multiple devices which are
requesting access to the bus, just one slow device may
significantly decrease the amount of data transferred over
the bus.

In addition, the usage pattern of certain devices can vary
as a function of time. For example, a RAID controller may
be very active during a period of intensive file transfer and,
yet, may lie inactive for great periods of time under normal
operation. The prior art bus arbitration scheme does not
account for usage patterns or variations in the usage patterns
over time and, thus, does not promote an efficient use of
system resources.

Therefore, there has been a long felt need in the industry
to have a means and method of bus arbitration which
promotes the efficient use of system resources.
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SUMMARY OF THE INVENTION

The bus arbitration system and method arbitrates bus
access based upon the performance characteristics of the
devices. Each device is allowed to access the bus in approxi-
mate proportion to a desired weighted bandwidth. The
desired weighted bandwidth reflects performance abilities
and requirement of the devices. Access to the bus is also
governed by reference to a priority ranking to prevent the
faster devices from monopolizing the bus to the exclusion of
the slower devices.

In one embodiment, each device is initially assigned a
current weighted bandwidth equal to the desired weighted
bandwidth and is also assigned a priority ranking. The bus
arbiter grants access to the bus to the requesting device with
the highest priority rank regardless of the current or desired
value of the corresponding weighted bandwidth. Each time
that a device is granted access to the bus, the value of its
current weighted bandwidth is decremented. If the value of
the decremented current weighted bandwidth is equal to a
minimum value, the priority rank of the device is set to the
minimum value and the priority rank of devices which
previously had a lower priority rank is incremented. The
current weighted bandwidth of the device is reset to the
desired value.

As transactions over the bus are completed, the total
number of bus access requests which have been granted as
well as the number of granted requests corresponding to
each device are tallied. After a number of requests have been
granted, the ratio of the number of grants for the device to
the total number of granted requests is calculated for each
device. If ratios are comparable to the desired weighted
bandwidths, the system is balanced and no changes are
made. If the ratios are not comparable to the desired
weighted bandwidths, the weighted bandwidths of the
devices may be adjusted to more closely match the actual
performance of the system. In an alternative embodiment,
the number of data transfers or some other measure of data
transfer could be used in place of the number of requests or
grants.

In this way, the bus resources are allocated among the
devices in a manner which allows the faster devices to have
more frequent access to the bus thus increasing the average
amount of data transferred over the bus without allowing the
faster devices to monopolize the bus to the exclusion of the
slower devices.

BRIEF DESCRIPTION OF THE DRAWINGS

The features, objectives, and advantages of the invention
will become more apparent from the detailed description set
forth below when taken in conjunction with the drawings
wherein like parts are identified with like reference numerals
throughout and wherein:

FIG. 1 is a block diagram showing a computer system;

FIG. 2 is a block diagram showing a bus system in which
the invention may be implemented; and

FIG. 3 is a flow chart showing exemplary operation of the
arbiter logic according to the invention.

DETAILED DESCRIPTION OF THE
INVENTION

The bus arbitration system and method of the invention
arbitrates bus access based upon the performance charac-
teristics of the devices. FIG. 2 is a block diagram showing
a bus system 50 in which the invention may be implemented.
In FIG. 2, an arbiter logic 52 controls access to a bus 54. A
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series of bus mastering devices S6A—56N contend for usage
of the bus 54 by sending requests to the arbiter logic 52. The
signaling scheme by which the bus mastering devices
56A—56N request control of the bus 50 and by which the
arbiter logic 52 assigns control of the bus 50 is not critical
and may occur in any one of a plurality of currently known
and later developed signaling techniques. For example, the
signaling may operate in accordance with PCI bus
specification, revision 2.1.

At the time the system in which the bus system 50 resides
is booted, the desired weighted bandwidth requirement of
each of the slots associated with the bus 54 is measured and
stored in a basic input output system (BIOS) register 58. For
example, in a system in which six bus mastering devices
operate over a common bus, the desired weighted band-
widths stored may be 8,8,2,2,2,1 reflecting that two of the
devices can operate about 4 times faster than three of the
other devices and about 8 times faster than the one remain-
ing device. In addition to data transfer speed, the desired
weighted bandwidth may also reflect the data transfer size,
number of requests or latency requirements associated with
the device or a combination of these and other factors. For
example, a device which cannot tolerate a large latency is
promoted over those which are more tolerant of latency. In
one embodiment, the slowest device on the bus is assigned
a weighted bandwidth of 1. The performance of the other
devices is measured with reference to the slowest device to
generate the proportional weighted bandwidths. The arbiter
logic 52 can access these values in the BIOS registers 58 for
use in the access determination process. Access to the bus is
also governed by reference to a priority ranking of the bus
mastering devices 56A—56N so that the fastest devices do
not completely monopolize the bus to the exclusion of the
slower devices.

When multiple bus mastering devices 56 A—56N request
access to the bus at the same time, the arbiter logic 52 uses
the priority rank of each device to determine which of the
bus mastering devices shall access the bus 54. Once access
to the bus 54 is granted to the requesting device with the
highest priority rank, the selected device executes one bus
transfer and then relinquishes control of the bus 54. When
control is relinquished by the first device, subsequent control
of the bus 54 may be passed to another one of the bus
mastering devices 56A—56N or to the same device again.

In one embodiment, the bus arbiter 52 grants access to the
bus 54 to the requesting bus mastering devices S6A-S6N
with the highest priority regardless of the current or desired
value of the corresponding weighted bandwidth. Unlike the
prior art, the priority of the bus mastering devices S6 A—56N
is not changed each time that access is granted to the bus 54.
Instead, each time that a device is granted access to the bus
54, the value of its current weighted bandwidth is decre-
mented. When the value of the current weighted bandwidth
is equal to a minimum value, the priority rank of the device
is set to the minimum value and the priority rank of the
devices which previously had a lower priority rank is
incremented. The current weighted bandwidth of the device
is reset to the desired value. In this way, the bus resources
are allocated among the devices in a manner which allows
the faster devices to have more frequent access to the bus,
thus increasing the average amount of data transferred over
the bus without allowing the faster devices to monopolize
the bus to the exclusion of the slower devices.

As transactions over the bus are completed, the total
number of bus access requests that have been served are
tallied. In addition, the number of granted requests corre-
sponding to each device is also tallied. After a significant
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number of transactions have been completed over the bus,
the ratio of the number of granted requests for the device to
the total number of granted requests is calculated for each
device. If ratios are comparable to the desired weighted
bandwidths, the system is balanced and no changes are
made. If the ratios are not comparable to the desired
weighted bandwidths, the weighted bandwidths of the
devices may be adjusted to more closely match the actual
performance of the system. For example, if the ratio for a
particular device is significantly lower than the desired
weighted bandwidth of the device in relation to the sum of
the other weighted bandwidths, the desired weighted band-
width of the device may be incremented so that additional
resources are grated to the device during subsequent opera-
tion. A maximum weighted bandwidth for each device may
be established to prevent domination by one device. In one
embodiment, this may be implemented with a register which
is incremented or decremented in order to accommodate
additional bandwidth requirements. In alternative
embodiments, the number of data transfers or some other
measure of data transfer could be used in place of the
number of requests or grants.

Through the adjustment of the desired weighted
bandwidths, the loading on the bus is dynamically adjusted
during operation. The adjustments could occur after a certain
number of total transactions have been completed, after a
certain amount of time, after a certain number of times that
a current weighted bandwidth of a device has reached the
minimum value, or a variety of other individual or combined
criteria

FIG. 3 is a flow chart showing exemplary operation of the
arbiter logic according to the invention. In block 100, the
desired weighted bandwidth for each bus mastering device
is stored. In block 102, each bus mastering device is
assigned a rank in the priority queue. In one embodiment,
the assignment is arbitrary. In another embodiment, the
assignment may be based upon the desired weighted band-
width of the devices. In yet another embodiment, the assign-
ment may be based upon the location of the corresponding
device within the computer. Also in block 102, the current
weighted bandwidth of each device is set equal to the desired
weighted bandwidth. In block 104, a bus access request is
serviced for the device which request bus resources with the
highest priority rank. In block 106, the current weighted
bandwidth of the serviced device is decremented. In an
alternative embodiment, the number of data transfers or
some other measure of data transfer could be used in place
of the number of requests or grants. In block 108, the value
in the total data transfer count register is incremented. In
block 110, the data transfer count register corresponding to
the serviced device is incremented.

In block 112 the bus arbiter determines whether the
current weighted bandwidth of the serviced device is equal
to zero. If so, in block 114, the priority rank of the serviced
device is set to the lowest value and the priority rank of those
devices which previously had a lower priority rank than the
serviced device is incremented. In block 116, the current
weighted bandwidth of the serviced device is set to the
desired weighted bandwidth.

Flow from block 116 continues to block 118. Flow from
block 112 also continues to block 118 if the current weighted
bandwidth of the serviced device is not equal to zero. In
block 118 the bus arbiter determines whether the value
stored in the total data transfer count register exceeds a
predetermined terminal value. If not, flow continues back to
block 104 where another request for bus access is serviced.

If the value stored in the total data transfer count register
exceeds the predetermined terminal value, flow continues to
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6

block 120. In block 120, for each device, the ratio of the
value stored in the data transfer count register corresponding
to the device to the value stored in the total data transfer
count register is determined. In block 122, each ratio is
compared to the ratio of the corresponding desired weighted
bandwidth for the device divided by the sum of all of the
desired weighted bandwidths. If the values differ greatly, the
desired weighted bandwidth may be either increased or
decreased to more closely match the data transfer ratio.

In this way, the bandwidth of the bus dynamically adjusts
to favor the high throughput devices and keep the system
balanced even though the overall throughput of the system
cannot meet the needs of all the requesters. For example, if
high speed RAID controllers or fiber network connections
share a bus with low speed bus mastering devices such as
low speed network connections or printer controllers, the
high speed devices are allocated a larger portion of the
available bus resources. Compared to the prior art, the total
amount of data transferred over the bus is increased.

Operation of the arbitration system is best illustrated by
way of example. The example below is described with
reference to Table I. In Table I, it is assumed that six bus
mastering devices compete for the resources of a common
bus. The devices are labeled 1-6. Initially the devices 1-6
have a desired weighted bandwidth of 8,8,2,2,2,1, respec-
tively. Initially, the devices are assigned a priority of 5,4,3,
2,1,0 respectfully. This initial state is shown in the first
column of Table I labeled State 1.

TABLE 1
State 1 State 2 State 3 State 4 State 5 State 6
device serviced 1 3 3 5
#1 priority 5 S 5 5 5 5
#1 weight 8 7 7 7 7 7
#2 priority 4 4 4 4 4 4
#2 weight 8 8 8 8 8 8
#3 priority 3 3 3 3 0 0
#3 weight 2 2 1 0 2 2
#4 priority 2 2 2 2 3 3
#4 weight 2 2 2 2 2 2
#5 priority 1 1 1 1 2 2
#5 weight 2 2 2 2 2 1
#6 priority 0 0 0 0 1 1
#6 weight 1 1 1 1 1 1

The first time that the bus arbiter polls for requests for bus
resource, devices 1, 3 and 5 each request service. Because
device 1 has the highest priority, it is serviced first. State 2
illustrates the state of the system after the device 1 has been
serviced. The weighted bandwidth of the device 1 has been
decremented from 8 to 7. The priority of all devices remains
unchanged.

The second time that the bus arbiter polls for requests for
bus resources, the devices 3 and 5 are each requesting
service. Because device 3 has the highest priority of the two,
it is serviced next. State 3 illustrates the state of the system
after the device 3 has been serviced. The weighted band-
width of the device 3 has been decremented from 2 to 1. The
priority of all devices remains unchanged.

The third time that the bus arbiter polls for requests for
bus resources, again the devices 3 and 5 are each requesting
service. Because device 3 has the highest priority of the two,
it is serviced. State 4 illustrates the state of the system after
the device 3 has been serviced. The weighted bandwidth of
the device 3 has been decremented from 1 to 0.

In State 4, the weighted bandwidth of the device 3 has
reached the minimum value of 0. Therefore, the priority of
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the device 3, 4, 5 and 6 change. State S illustrates the state
of the system after these priorities have been changed. The
priority of device 3 is set to 0 and the priority of device 4 has
been increased from 2 to 3. The priority of device 5 has been
increased from 1 to 2 and the priority of device 6 has been
increased from O to 1. The current weighted bandwidth of
the device 3 has been reset to the desired weighted band-
width value of 2.

The fourth time that the bus arbiter polls for requests for
bus resources, the devices 3 and 5 are each requesting
service. Because device 5 now has a higher priority than
device 3, it is serviced next. State 6 illustrates the state of the
system after the device 5 has been serviced. The weighted
bandwidth of the device 5 has been decremented from 2 to
1. The priority of all devices remains unchanged.

A myriad of alternative embodiments will be readily
apparent to one skilled in the art based upon the disclosure
herein. The invention may be applied to a Peripheral Com-
ponents Interconnect (PCI) bus, other well known buses or
later developed bus protocols. The bus may be located
within a personal computer, a network computer or any other
manner of electronic equipment where multiple units com-
pete for limited communication resources.

The invention may be embodied in other specific forms
without departing from its spirit or essential characteristics.
The described embodiment is to be considered in all respects
only as illustrative and not restrictive and the scope of the
invention is, therefore, indicated by the appended claims
rather Man by the foregoing description. All changes which
come within the meaning and range of equivalency of the
claims are to be embraced within their scope.

What is claimed is:

1. A method of arbitrating access to a common bus by a
plurality of devices comprising:

assigning each of said plurality of devices a priority rank;

setting a current weighted bandwidth of each of said
plurality of devices equal to a desired weighted band-
width;

servicing a request to access said common bus from a first
device of said plurality of devices, said first device
having the highest priority rank among a set of request-
ing devices;

decrementing said current weighted bandwidth of said
first device;

setting said priority rank of said first device equal to a
lowest priority if said decremented current weighted
bandwidth of said first device is equal to a minimum
value and increasing said priority rank of a set of
devices which previously had a lower priority rank than
said first device;

setting said current weighted bandwidth of said first
device equal to said desired weighted bandwidth; and

dynamically adjusting said desired weighted bandwidth
of said first device during operation based upon a
history of actual usage of said common bus by said first
device, wherein said history comprises a record of bus
accessed granted to said first device, and a record of bus
accesses granted to others of said plurality of devices,
occurring within a defined period.
2. The method of claim 1 wherein said desired weighted
bandwidth is different for different devices of said plurality
of devices.
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3. The method of claim 1 wherein said desired weighted
bandwidth of said first device is representative of a rate at
which said first device transfers data over said common bus.

4. The method of claim 1 wherein said desired weighted
bandwidth of each of said plurality of devices is updated
based upon actual usage of said common bus.

5. The method of claim 1 wherein the act of dynamically
adjusting said desired weighted bandwidth comprises:

determining a total number of serviced requests corre-
sponding to all of said plurality of devices;

determining a total number of serviced requests corre-
sponding to said first device; and

determining a new desired weighted bandwidth for said
first device based upon a ratio of said total number of
serviced requests corresponding to said first device
with respect to said total number of serviced requests
corresponding to all of said plurality of devices.

6. The method of claim 1 wherein said desired weighted
bandwidth of each device is initially determined during a
basic input output system test routine executed during initial
system boot.

7. The method of claim 1 wherein decrementing said
current weighted bandwidth is based upon a measure of data
transfer corresponding to said first device.

8. A method of arbitrating access to a common bus
comprising:

determining a rate at which a first device is capable of

transferring data over said common bus;

determining a rate at which a second device is capable of
transferring data over said common bus;

assigning a desired weighted bandwidth to said first
device and a desired weighted bandwidth to said sec-
ond device based upon said rate of said first and second
devices;

arbitrating access to said common bus based upon said
desired weighted bandwidth of said first and second
devices; and

dynamically adjusting said desired weighted bandwidth
of said first and second devices during operation based
upon a history of actual usage of said common bus by
said first and second devices, wherein said history
comprises multiple bus accesses granted to at least one
of said first and second devices.

9. The method of claim 8 wherein dynamically adjusting

said desired weighted bandwidth comprises:
determining a total number of bus accesses granted;

determining a number of bus accesses granted to said first
device;

determining a number of bus accesses granted to said
second device;

comparing the ratio of said number of bus accesses
granted to said first device with respect to said total
number of bus accesses granted to said desired
weighted bandwidth of said first device and said
desired weighted bandwidth of said second device; and

adjusting said desired weighted bandwidth of said first
device based upon said comparison.

#* * * * #*
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