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DYNAMIC PRIORITY MANAGEMENT OF MEMORY ACCESS
BACKGROUND
[0001] Some complex electronic systems, for example multi-media appliances
such as cell phones and tablets, or various multi-processor systems, may have multiple
master devices (masters) sharing a single large memory. Masters are any circuits
capable of initiating a memory access request to the shared memory. For example,
masters may be processors (for example, general purpose microprocessors, graphics
processors, microcontrollers, etc.), or subsystems or blocks of logic that need to write to
memory after receiving data (for example, a camera sensor), or subsystems or blocks of
logic that need to read from memory (for example, a display controller).
[0002] Two important memory access measures that affect performance are
latency and bandwidth. Overall latency is the time from when a master requests
memory access until the time that the first portion of the requested data is received by
the master. This document focuses primarily on the time from when a master requests
memory access until the time that the request is received by the shared memory.
Bandwidth refers to the amount of data that passes through one point per unit of time.
This document focuses on bandwidth required for transferring large blocks of data to
and from memory.
[0003] Various types of masters have different latency and bandwidth
requirements. High performance processors require the lowest possible latency to
provide maximum performance. Caches are used to reduce the number of external
memory accesses, which reduces bandwidth requirements and reduces average
latency. However, in the case of a cache miss (with some exceptions such as pre-
fetching a line or speculatively reading a line), a processor may be stalled, and in the
case of a stall, access to external memory must be served with the lowest possible

latency to ensure maximum performance. Some other masters require high bandwidth
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with a guarantee on average throughput, and therefore a guaranteed average latency.
For example, graphics processors must read or write large uninterrupted bursts of data,
but they have large local memory buffers that store data that are prefetched in advance,
so their latency requirements are relatively relaxed. That is, average throughput is
important but latency for a single request can be very high. Other masters, for example
a real-time controller streaming data from a camera sensor, need some guaranteed
maximum latency. Typically, they have known, regular, and predictable bandwidth
requirements and they use local buffers that are optimized to reduce overall system
cost. However, buffers optimized for cost cannot guarantee latency. If those buffers
should overflow or underflow, then the system might fail to perform a requested
operation and temporary performance degradation may not be acceptable. Therefore,
there is need for a separate hardware mechanism that can guarantee some maximum
latency. Finally, for some masters, timely execution and low latency is not required. For
example, data transfer to mass storage or data transfer across a serial link interface is
usually not time critical.

[0004] Currently, the most commonly used large shared memory is dynamic
memory. Dynamic memory typically stores information as a charge or lack of charge in
capacitors. However, charged capacitors gradually leak charge. Therefore, dynamic
memory must be periodically refreshed (read and rewritten to guarantee that data are
not lost). Dynamic Random Access Memory (DRAM) is typically organized into banks,
and banks are organized into rows, and refresh is typically performed on an entire row.
A common industry standard specifies that each row must be refreshed every 64
milliseconds or less. There may be many thousands of rows. Refresh may be executed
one row at a time at uniformly spaced time intervals during the 64 millisecond interval.
Alternatively, multiple rows (or even all the rows) may be refreshed in a burst of activity.
[0005] For dynamic memory, refresh schedulers in memory controllers must
periodically issue memory refresh commands, which may be disruptive for masters that
need to access the memory. Dynamic memories allow some delay of memory refresh
commands, which may then be issued in bursts, but there is a specified limit on how
much delay can be accumulated, and at some point recovery is needed to execute all

required refresh commands in a given period.
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[0006] Each master, including the refresh scheduler, issue requests for memory
access, and those requests must be prioritized. In addition, the relative priorities of the
requests may need to change dynamically. For example, if a video processor is being
used, the video should not pause while waiting on more video data. Therefore, if a data
buffer for a video processor becomes nearly empty, the priority of pending memory
access requests from the video processor needs to be increased to prevent buffer
underflow. Likewise, if memory refresh commands have been delayed for a long time,
then the priority of memory refresh needs to be increased. There is an ongoing need to
improve priority management of memory access.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a simplified block diagram of an example embodiment of an
electronic system.

[0008] FIG. 2 is a simplified block diagram of an example embodiment of a
priority handler within the electronic system of FIG. 1.

[0009] FIG. 3 is a flow chart illustrating an example embodiment of a process of
scheduling memory refresh commands.

[0010] FIG. 4 is a timing diagram illustrating an example embodiment of refresh
command timing consistent with the flow chart of FIG. 2.

[0011] FIG. 5 is a flow chart illustrating an example embodiment of a method of
controlling priority of requests for access to memory.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[0012] There is a performance benefit in serving pending access requests from
masters prior to issuing a refresh command, and in trying to serve refresh commands
when there are no other pending memory access requests. In general, there are a
substantial number of overhead clock cycles associated with a memory access, during
which the memory bank is busy but is not actually reading or writing data. In general,
the overhead penalty can be reduced by using burst operations in which only a single
address is required along with a burst size, after which successive data units (for
example, words or lines) may be read without additional overhead cycles required for
each data unit. Likewise, for refresh, bursts of refresh commands are more overhead

efficient than single refresh commands. In addition, issuing refresh commands in a burst
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reduces the occurrence of memory precharge that potentially creates additional
overhead for immediately following access requests from masters. However, long bursts
of activity, whether from masters or refresh, mean long periods of time in which other
requests for access are delayed. For some memory access requests, there is a limit on
how much delay can occur without substantially reducing performance. In addition,
permitting bursts of memory access commands has a negative impact on the required
size of all buffers and a negative impact on the maximum latency for the various
masters.

[0013] Each request for memory access may have an associated priority, and
when access request delays occur for critical read/write requests, then associated
access priorities may be dynamically increased to help maintain overall system
performance. Similarly, priorities may need to be lowered from time to time. Typically,
dynamic priority only affects access priority within the memory controller. In the
examples described below, dynamically changing priorities may affect priority handlers
at all levels of arbitration between the initiator and the final shared memory, so that
some requests are given priority in route to the memory controller. In addition, in the
examples described below, dynamically changing priorities may also change the refresh
policy being executed by the memory refresh scheduler.

[0014] FIG. 1 illustrates an example embodiment of a portion 100 of an electronic
system. The illustrated portion 100 has multiple masters (102 — 112) sharing a common
memory 130. In a complete system, there may be many other structures, including the
subsystems controlled by the masters (for example, displays, modems, and cameras),
shared memory and cache memories, and various busses and pipelines for data
transfer between the masters. However, FIG. 1 only illustrates the parts of the system
involved with requests for access to memory, and even those parts are simplified to
facilitate illustration and to focus discussion.

[0015] In the example of FIG. 1, there are two layers of bidirectional data and
address interconnect busses (116, 120). Masters 106 — 112 send memory access
requests through a first interconnect bus 116. Interconnect bus 116 includes a priority
handler 118 (discussed in more detail in conjunction with FIG. 2). In the example of FIG.

1, if there are multiple simultaneous memory access requests from masters 106, 110,
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108, and 112, then priority handler 118 selects the memory access request having the
highest priority among the requests from those four masters. Masters 102 and 104 (and
priority handler 118) send memory access requests through a second interconnect bus
120. Interconnect bus 120 includes a priority handler 122. Priority handler 122 selects
the memory access request having the highest priority from masters 102 and 104, and
the output of priority handler 118. In the example of FIG. 1, a memory controller 124
includes a refresh scheduler 126 and a priority handler 128. The memory controller 124
issues one or more refresh commands, or read or write commands, based on requests
from the refresh scheduler 126, and requests pending from the priority handler 122. The
memory controller 124 selects through the priority handler 128 the highest priority
request among requests from priority handler 122 and the refresh scheduler 126.

[0016] In the example of FIG. 1, memory requests from some masters have a
priority that is not changed. Memory requests from some other masters have a normal
priority that can be changed by a Dynamic Priority (DP) signal. Masters 102 and 106 are
depicted as having an initial priority that is not changed. For masters 104, 108, 110, and
112, DP signals may be used to change priority at each of the priority handlers (118,
122, 128). In addition, the DP signals may also modify memory refresh scheduling by
the refresh scheduler 126 (discussed in more detail in conjunction with FIG. 3). In
addition, the DP signals may also change the order of previously issued but unexecuted
memory requests (discussed in more detail below).

[0017] In the example of FIG. 1, master 104 is depicted as having a timer 132.
Although the timer 132 is illustrated within the master 104, which enables fast setting by
software, the timer can be located anywhere in the system. Signal DP1, generated
when the timer expires, just needs to be paired with the address bus of a particular
master. The timer 132 may be enabled at the beginning of a software task that needs to
be completed in a given time. The task may require many memory accesses. The timer
may be set to the estimated time required to complete the software task along with the
necessary margin needed to recover in case the request is not completed before the
expiration of the allocated time. If the timer expires before the completion of the
software task, then signal DP1 is asserted until the task is completed. When signal DP1

is asserted, memory access requests preceding the assertion of signal DP1, but still not
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serviced, will have their priority increased, and all memory access requests issued while
signal DP1 is asserted will have their priority increased. On completion of the software
task, the timer may be reset by software, clearing signal DP1.

[0018] In the example of FIG. 1, masters 108, 110 and 112 are depicted as
having buffers (134, 136, 138). If, for example, master 108 is reading data from
memory, and buffer 134 reaches a programmed level of emptiness, then signal DP2
may be asserted to increase the priority of memory access requests from master 108.
Signal DP2 may then be cleared when buffer 134 reaches a programmed level of
fullness. Alternatively, if for example, master 110 is writing data to memory (for
example, from a camera sensor), then signal DP3 may be asserted when buffer 136
reaches a programmed level of fullness, and signal DP3 may be cleared when buffer
136 reaches a programmed level of emptiness.

[0019] Note that timers and buffers cause DP signals to be asserted
asynchronously to requests for memory access by a master. In particular, a timer or
buffer may cause a DP signal to be asserted that then affects the priority of multiple
pending and subsequent memory access requests from the corresponding master. In
some cases, a DP signal may remain asserted long enough to flush all memory access
requests that were pending at the time the DP signal was asserted. As a result, a
master may gain exclusive access to memory except for refresh commands.

[0020] Masters may have an initial priority and that priority may be increased by a
fixed amount by asserting a DP signal. Alternatively, the DP signals may be variable.
For example, buffer 134 may have multiple levels of emptiness, and signal DP2 may be
set to a first increased priority when buffer 134 reaches a first level of emptiness, and
signal DP2 may be set to an even higher priority when buffer 134 reaches a second
level of emptiness.

[0021] Optionally, in the example of FIG. 1, the selected addresses from priority
handler 128, along with the associated priority of the addresses, may be pushed onto a
First-In First-Out (FIFO) queue (or buffer, or stack) 140. Optionally, reordering logic 142
may reorder the contents of the FIFO 140 to the most appropriate order based on
modified priority signals and other memory efficiency criteria (active row, read vs. write,

conflict with refresh, etc.). For example, assume that signal DP3 is asserted by master
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108. Subsequent memory access requests from master 108 will have a higher priority at
priority handlers 118, 122, and 128 as long as signal DP3 is asserted, and optionally,
previous memory access requests from master 108 may be reordered within FIFO 140.
Optionally, there may also be FIFO'’s and reordering associated with priority handlers
118 and 122. Note, however, that reordering logic such as logic 142 at the final level of
arbitration has visibility of all pending memory access requests at that level. In contrast,
for a higher level priority handler (such as priority handlers 118 and 122), there is less
visibility of other pending memory access requests at the same level, so reordering may
be more complex, and there may be potential coherency issues. Therefore, reordering
may preferably be done for a FIFO associated with priority handler 128 only. In addition,
there may be FIFO’s on the request side of a priority handler. FIG. 1 just shows one
example of many alternative configurations.

[0022] FIG. 2 illustrates an example embodiment 200 of a priority handler (118,
122, 128). Priority handler 200 includes a multiplexer 202 receiving “N” memory request
addresses (Reg1, Reqz, Reqn). Priority logic 204 receives the priorities (P4, P2, Pn) of
the memory requests as determined by the priority of the requesting masters, and
receives the DP signals (DP1, DP2, DP3, DP4). The DP signals, if asserted, modify one
or more of the priorities (P1 — Pn). The priorities (P1 — Pn) may be part of the access
request, or they may be issued from local registers paired with each memory access
request. It is not important where the priority signals originate, or where or how they are
modified. It is only important that DP signals modify the priority of priority signals. The
multiplexer 202 then selects the memory request address having the highest modified
priority.

[0023] There are multiple reasons why refresh commands may need to be
delayed. For example, there are a substantial number of overhead clock cycles
associated with switching logical pages in random access memory. If a pending
memory access is for the same memory page as the immediately previous access, then
it is more efficient for performance to give the pending access a higher priority than a
memory refresh command. In contrast, if the pending memory access is for a different
page than the immediately previous access, then there is less of a performance penalty

if the pending memory access is delayed by a memory refresh command, but if refresh
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can be delayed, it is still beneficial for performance to give priority to a master. However,
there is a limit to how long memory refresh commands can be delayed. If the number of
delayed refresh commands reaches a predetermined number, then refresh may need to
be given a higher priority. Refresh commands may then be issued in a short burst to
reduce the number of delayed refresh commands. However, even if the number of
delayed refresh commands is at a high number, the system may have so many pending
high priority requests for memory access that it is not practical to issue a burst of
memory refresh commands. In particular, in the following examples, if there are pending
requests for memory access by masters, and if the number of delayed refresh
commands reaches a predetermined number, and if a DP signal is asserted, then
instead of a burst, a single refresh command is issued, and the number of delayed
refresh commands remains at a high number.

[0024] FIG. 3 is a flow chart illustrating an example embodiment of a process 300
that may be executed by the refresh scheduler 126 in FIG. 1. The refresh scheduler
may delay refresh commands, and the number of delayed commands may be tracked
by a counter (Delay Count). At the beginning of the flow chart in FIG. 3, at step 302, it is
time for the refresh scheduler to issue a refresh command, and the process illustrated in
the flow chart determines whether the refresh command is delayed, or whether one
refresh command is issued, or whether a burst of refresh commands is issued. In the
following discussion, system “stress” refers to the need to prioritize masters over
refresh. If system stress is low, then refresh commands will be issued at the normally
scheduled times. If there is low to moderate system stress, then the refresh policy is to
delay refresh commands up to a count of four. If there is moderate to high system
stress, then the refresh policy is to delay refresh commands up to a count of seven, and
when refresh becomes necessary, a burst of five refresh commands will be issued. At
the highest system stress (that is, there is a pending memory access request from a
master, there is a DP signal asserted, and the Delay Count is seven), then a burst of
refresh commands would harm performance, so the refresh policy is to issue a single
refresh command and the number of delayed refresh commands remains at seven.
[0025] The following is a detailed discussion of FIG. 3. If there are no pending

memory access requests from masters (decisions 304 and 306 are both “NQO”), then at
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step 308 one refresh command is issued. If the Delay Count is greater than zero, then

additional refresh commands are issued and the Delay Count is decremented until the

Delay Count is zero. If any of the following combinations is true, a pending memory

access request from a master is issued, and refresh is delayed, and the Delay Count is

incremented (step 326):

1. There is a pending memory access request from a master for the currently active
page (decision 304), and Delay Count is less than seven (decision 318).

2. There is a pending memory access request from a master for an inactive page
(decision 306), and Delay Count is less than four (decision 310).

3. There is a pending memory access request from a master for an inactive page
(decision 306), a DP signal is asserted (decision 312), and Delay Count is less than
seven (decision 316).

If there is a pending memory access request from a master, but not to the currently

active page (decisions 304 is “NO” and decision 306 is “YES”), and if the Delay Count is

at least four (decision 310 is “NQO”), and if no DP signal is asserted (decision 312 is

“‘NQO”), then the regularly scheduled refresh command is issued, followed by additional

refresh commands along with decrementing the Delay Count until the Delay Count is

less than four (step 314). If there is a pending memory access request from a master for
the currently active page (decision 304 is “YES”), and the Delay Count is at seven

(decision 318 is “NQO”), and no DP signal is asserted (decision 320 is “NQO”), then a burst

of five refresh commands are issued and the Delay Count is decremented by four (step

322). That is, at step 322, the regularly scheduled refresh command is issued, followed

by an additional burst of four refresh commands to reduce the number of delayed

refresh commands by four. If there is a pending memory access request from a master

(decision 304 or decision 306 is “YES”), and there is a DP signal asserted (decision 312

or decision 320 is “YES”), and if the Delay Count is at seven (decision 316 is “NO” or

decision 318 is “NQO”), then a single refresh command is issued (step 324). Note that in
step 324 the Delay Count is not decremented so Delay Count remains at seven.

[0026] Note that there is an additional possibility for the memory refresh policy

that is not illustrated. That is, memory refresh commands may also be issued in
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advance of their normally scheduled time. In particular, in FIG. 3, at step 308, the
refresh scheduler could issue additional refresh commands (for example, seven) in
anticipation of the need to delay refresh commands in the future. Note also that the
intermediate number of four delayed refresh commands, and the maximum number of
seven delayed refresh commands, are just examples. In addition, there may be more
than one intermediate threshold.

[0027] FIG. 4 is a timing diagram illustrating some of the scenarios discussed in
conjunction with FIG. 3. In FIG. 4, row 402 depicts the value of Delay Count as a
function of time, and pulses 404 depict refresh commands. A solid pulse indicates an
issued refresh command, and a dashed pulse indicates a delayed refresh command. At
time 4006, the Delay Count is zero, and the conditions are such that step 308 in FIG. 3 is
applicable. That is, a single regularly scheduled refresh command is issued. At time
408, the Delay Count is again zero, but the conditions are such that step 326 in FIG. 3
is applicable. That is, the refresh command is delayed, and the Delay Count is
incremented. At time 410, the Delay Count has reached four, and the conditions are
such that step 314 in FIG. 3 is applicable. That is, the regularly scheduled refresh
command is issued, followed by one additional refresh command to bring the Delay
Count back to less than four. At time 412, the Delay Count is back to four, but system
stress is now high, so that the Delay Count is allowed to increase to seven. At time 414,
the Delay Count is seven, and conditions are such that step 324 in FIG. 3 is applicable.
That is, a single refresh command is issued, and the Delay Count remains at seven. At
time 416, the Delay Count is still at seven, but system stress has relaxed, so that the
conditions of step 322 in FIG. 3 are applicable. That is, the regularly scheduled refresh
command is issued, followed by a burst of four additional refresh commands (for a total
of five), and the Delay Count is decremented by four. At time 418, the conditions are
such that step 308 in FIG. 3 are applicable again, except the Delay Count is now 3. The
regularly scheduled refresh command is issued, followed by three additional refresh
commands (for a total of four), and the Delay Count is decremented to zero. At time
420, the Delay Count is zero again, and step 308 of FIG. 3 is applicable again (one

refresh command is issued).

10
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[0028] FIG. 5 illustrates a method for controlling memory access. At step 502, a
master generates a dynamic priority signal. At step 504, a refresh scheduler changes its
refresh policy in response to the dynamic priority signal.

10029] Those skilled in the art will appreciate that modifications may be made o
the described embodiments, and also that many other embodiments are possible, within

the scope of the claimed invention.

11



WO 2014/066747 PCT/US2013/066790

CLAIMS

What is claimed is:

1. A system, comprising:

a plurality of master devices;

at least one dynamic priority signal from at least one master device;

a memory refresh scheduler, receiving the dynamic priority signal; and

the memory refresh scheduler configured to modify a refresh policy for delaying memory
refresh commands in response to the dynamic priority signal.

2. The system of claim 1, wherein the memory refresh scheduler is configured to
allow a programmable number of delayed memory refresh commands, and to issue one
memory refresh command at a time while leaving the number of delayed refresh

commands at the programmable number, in response to the dynamic priority signal.

3. The system of claim 1, wherein the memory refresh scheduler is configured to
issue at least some refresh commands in bursts when no dynamic priority signal is

being received by the memory refresh controller.

4. The system of claim 1, wherein at least one master device is configured to send
the dynamic priority signal asynchronously to requests for memory access.

5. The system of claim 1, wherein at least one particular master device includes a
buffer; and the particular master device is configured to generate a dynamic priority
signal when the buffer reaches a programmed level of emptiness.

6. The system of claim 1, wherein at least one particular master device includes a

buffer; and the particular master device is configured to generate a dynamic priority
signal when the buffer reaches a programmed level of fullness.

12
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7. The system of claim 1, wherein at least one particular master device includes a
timer; and the particular master device is configured to generate a dynamic priority
signal when the timer reaches a programmed time.

8. The system of claim 1, further comprising:

a memory controller;

an interconnect bus coupling requests for memory access to the memory controller; and
a priority handler for the interconnect bus; the priority handler increasing the priority of
requests for memory access from a particular master device in response to a dynamic

priority signal from the particular master device.

9. The system of claim 8, wherein the system is configured to increase the priority
of requests for memory access from the particular master device at all levels of
arbitration between the particular master device and a memory shared by multiple
master devices, in response to the dynamic priority signal from the particular master

device

10.  The system of claim 1, further comprising:

a memory controller; and

a priority handler for the memory controller;

wherein the priority handler for the memory controller increases the priority of requests
for memory access from the particular master device in response to the dynamic priority

signal from the particular master device.

11.  The system of claim 10, wherein the memory controller includes a first-in first-out
buffer for memory access requests; and the memory controller is configured to reorder
memory access requests in the first-in first-out buffer in response to the dynamic priority

signal from the particular processor.

13
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12. A method, comprising:
generating, by a master device, a dynamic priority signal; and
changing, by a refresh scheduler, a refresh policy, in response to the dynamic

priority signals.

13.  The method of claim 12, wherein the step of changing further comprises:
issuing a burst of refresh commands when the dynamic priority signal is not
being generated; and
issuing a single refresh command when the dynamic priority signal is being

generated.

14.  The method of claim 12, wherein the step of generating further comprises
generating, by the master device, the dynamic priority signal asynchronously to

requests for memory access by the master device.

15.  The method of claim 12, further comprising changing, by a priority handler in an
interconnect bus, priority of memory access requests from the master device, in

response to the dynamic priority signals.

16.  The method of claim 12, wherein the step of generating further comprises
generating, by the master device, the dynamic priority signal, in response to a timer

reaching a programmed time.

17.  The method of claim 12, wherein the step of generating further comprises
generating, by the master device, the dynamic priority signal, in response to a buffer
reaching a programmed level of fullness.

18.  The method of claim 12, wherein the step of generating further comprises

generating, by the master device, the dynamic priority signal, in response to a buffer
reaching a programmed level of emptiness.

14
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19.  The method of claim 18, further comprising generating, by the master device, a
dynamic priority signal having a second level of priority, in response to the buffer

reaching a second programmed level of emptiness.

20. The method of claim 12, further comprising reordering, by a memory controller, a
queue containing requests for access to memory, in response to the dynamic priority

signal.
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