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COMPUTER SYSTEM WiTH POWER MANAGEMENT

SCHEME FOR DRAM DEVICES

FIELD OF THE INVENTION

The present invention relates generally to the field of computer systems;
more specifically, to methods and apparatus for managing power usage within
such systems. '

BACKGROUND OF THE INVENTION

It is not 'surprising that the newer, higher-performance computer
systems, which provide larger data handling capabilities at higher speeds,
require more operating power. The larger power requirements of modern
computer systems can easily strain the available power in laptop, notebook,
and other portable computer devices. In response, practitioners in the
computer industry have developed various mechanisms aimed at efficient
management of the power resources of a computer system.

While numerous advances have been made in the management of
power usage by the central'processing unit (CPU), relatively few system
designs have addressed the problem' of controlling power at the memory sub-
system level of a computer. Yet, newer dynamics, random-access memories
(DRAMs) have significantly higher power requirements than conventional
DRAM devices (such as FPM, EDO, and SDRAM). For this reason, it has
become necessary for computer chipset designs to include some mechanism
for managing the power states of these newer DRAM devices. '

SUMMARY OF THE INVENTION

The present invention provides a novel power management scheme for
a computer system that employs DRAM devices at the memory sub-system
level. According to the invention, DRAM devices are placed into appropriate
.power consuming states based on frequency of usage. That is, memory
devices that are most recently accessed are placed in a fuIIy' active state,
whereas devices that have not been accessed for some time, if at all, are
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maintained in an idie, or nap state. In one embodiment, an intermediate,
standby state is also included. S |

According to a particular lmplementatlon of the present invention the
computer system includes a processor that operates to- -selectively access data
or other information stored in the DRAM devices. The computer inciudes a
stack structure and assignment of devices in't_o particular pools corresponding
to different power consumption states. A most-recently-accessed (MRA)
device is assigned to an active podl and the M RA device is placed at a top-of-
stack (TOS) position. The active pool has a predetermin_ed' size with a certain
stack position representing a Ieast-recently-aecessed (LRA) device in the active
pool. | E .
- The LRA device is evicted from the active pool and 'phlaced in a standby
pool when the active pool is full and the processor accesses another device,
~ which is not currently assxgned to the active pool. The standby pool also has a
- LRA device that is identified by a pomter The LRA device identified by the -
pointer gets evicted from the__standb_y pool and is _placed ina nap pool when a
timeout condition occurs | |

In one embodiment, the tlmeout condltlon compnses a number of clock
cycles of the processor. Anothe_r__wa__y_th_at the LRA device can be evicted from
the standby pool to the rta_p pool is when the _sta_ndby and active pools are full
and the processot accesses anothet' _d_evic'e, Which is not currently assigned to
either the active or standby pools. |

BRIEF DESCR!PTION OF THE DRAWINGS

The present invention is illustrated by way of example and not by way of
limitation, in the figures of the accompanying drawings, where:

Figure 1 lllustrates the various power management states employed i in.
one embodlment of the present invention.

Figures 2A-2H are examples that illustrate the stack and shift
operations utilized in one embodiment of the present invention.
-o.
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Figure 3is detailed circuit schematic diagram of the general pool
structure for one embodiment of the present invention.

Figure 4 shows one circuit implementation for selection of a least-
recently accessed device in accordance with the present invention.

DETAILED DESCRIPTION

Throughout the following description specific details are set forth in order
to provide a more thorough understanding of the invention. However, the |
invention may be practiced without these particulars. In other instances, well
known elements have not been shown or described in detail to avoid
unnecessarily obscuring the present invention. Accordingly, the specification
and drawings are to be regarded in an illustrative, rather than a resiriCtive,
sense. | _ ' _

Fi'gure 1 is a state diagram representing the different power states that
are available for the DRAM devices in the memory subsystem of a computer
constructed according to the present invention. DRAM devices are assigned to
these different states, or pools, depending on how recently the particular device
has been accessed by the memory requestor (e.g., CPU) of the computer
system. (In the context of this description, the terms “pool” and “state” are used -
interchangeably.) In Figure 1, three device pools are shown: an active pool 20,
a standby pool 21, and a nap pool 22.

When the computer system is first powered-up, or upon reset, none of
the DRAM devices are in the active state. Rather, all of the DRAM devices are
in the default pool until the CPU (or some other processor in a multiprocessor
system) has accessed them. The default state may either be standby state 21
or nap state 22. In the embodiment described herein, the default state is nap
state 22. That is, all of the DRAM devices are in the nap state until they have
been accessed by a processor of the computer system.

When the processor accesses a device, it is brought out of nap pool 22
and placed into active pool 20. This occurrence is denoted by line 25 in Figure
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1. In a current implementation, the nap state represents a powered-down
operational mode in whrch only the internal ring oscnlator ‘'of the DRAM device
continues to run. The ring oscrllator provndes a time base durmg self-refresh of
the core memory cells. 5 '

- DRAM devices in- standby pool 21 are in an mtermedrate, reduced-power
state. In this standby state, a DRAM device has certain pms turned off;
however, the device still provides power to circuitry is responslve to the system
~ clock signal; also, the internal clock generator of the device is kept running..
Power is also consumed m the input/output (I/0) portion of the DRAM devices.
Active pool 20 represents the normal or full-power state pf'the DRAM device,
wherein all circuit functibns are completely operational '_ _’

As shown in: F|gure 1, when the requestor accesses a DRAM device, it
may either be in standby pool 21 or in nap pool 22 When a device in standby
pool 21 is accessed, that device is I:;rqught into active poel 20, as shown by
directional arrow 23 in Figure 1. As will be described in rnore detail shortly,
devices in standby pool 21 which remain idle fora eertain time duration (i.e.,
not accessed) eventually are returned to nap pool 22. This event is indicated
- by amrow 24. '

According to the rnventlon. DRAM devrces that are brought out ot nap
pool 22 and placed into active pool 20 are stacked and s_hrfted according to the
order in which they arrived in the pdol Figure 2A iIlustrates an example in
which four devices have been accessed. The four DRAM devices were
accessed in the following order: Device,, Device,, Devrcea, Devnce4

In one embodiment, both the active pool 20 and_standby pool 21 have
predetermined sizes.. in the example of Figure 2A, for exarnple, the size of the
active pool is set at four. This size value may be prograrnmed into the |
computer system in a variety of ways. By way of exampte, a register of the
CPU may be utilized to set the maXimum st_ze of the acti\)e_ pool 20.
Alternativety, a non-volatite memory location in the basicﬁ_ in_put/output system
(BIOS) of the'comput_er may be written with a Vatue setti_n:g the active pool size.
Similarly, another register or memory Iocation may be utilii_ed to set the size of
the standby pool 21. | .
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in one programmlng model, two register fields are.utilized: one which
indicates the size of the active pool and ancther which indicates the total pool
capacity. In this model, the standby pool size is equal to the total pool capacity
minus the active pool size. In the examples of Figures 2A - 2H, the total pool
capacity is eight and the active pool size is four. By subtraction, the standby
pool size is also equal to four devices. Let it be noted that the size of nap pool
22 is not set or tracked in accordance with the embodiment described herein.
Rather, devices that are neither in active pool 20 or standby pool 21 must, by
default, be in nap pool 22.

Continuing again with the example of Figure 2A, the most recently
accessed (MRA) device is Device,.  The least recently accessed (LRA) DRAM -
device in the computer system is Device;. If the processor issues another
access to Device,, then the stack shown in Figure 2A remains the same. If,
however, another access to Device. occurs, then Device will be moved to the
top of the stack and represents-the MRA of the active pool. In that situation,
Device, and Deviceg will be shifted down the stack one position, with Device,
remaining the LRA device of the active pool.

It should be understood that the LRA device in active pool 20 is simply
determined by the size of the active pool. On the other hand, the MRA device
is always at the top-of-stack position. Note that the bottom of the stack is
always the LRA device. Again, this is determined by the active pool size. In
the example of Figure 2A, the active pool size is four, so position #4 is always
the LRA position. This means that no-device is designated as the LRA device
for the active pool until the active pool is full. It should be kept in mind that the
active pool size is programmable, which means that a pointer is not needed.
For instance, if the size of the active pool is set to 2, then the second slot or
position in the stack structure represents the LRA device:

Practitioners in the art will appreciate that the determination of the active
and standby pool sizes is typically made based on system considerations. For
example, different systems may be configured in ways that require larger or
smaller active pool sizes. Various power or thermal requirements may dictate
the size of the active pool or the total pool capacity. For instance, some

systems may have better heat dissipation capabilities thereby permitting more
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DRAM devices to remain in the active state. Such systems may be capable of
having larger active pool sizes than dt_her syste_rns that haye relatively poor -
heat dissipation capabilities-. The determination of the various pool sizes
therefore is primarily based on the thermal and power env_elppes of the
- particular system configuration. : o
Turning our attention now to thure 2B, the stack structure of Figure 2A
is shown following an additional access to DRAM Devices. According to the
stack-and-shift principle of operation, Devices is. placed at the top-of-stack
position. As such, it is the MRA device 'in the active pool.-: Each of the
remaining devices is shifted down one position in the stack as a result of
'Devices being brought into active pool 20. However, since the active pool was -
previously full; Device; gets evicted from active pool 20 and is placed into
standby pool 21. This is because Device, was the LRA device in the active
pool prior to the new access to Devices. In other words, _onc__:e the active pool
capacity is reached, LRA devices are removed from active_ pool 20 and put into
standby pool 21. These- DRAM devices are stacked and shifted according to
the order in which they arrived in standby pool 21. Standby pool 21 operates
with the same stack structure as actlve pool 20, except that standby poot 21
mcludes a pomter that shifts to the current LFtA devnce
- " The example of Figure 2C represents the stack structure of Figure 2B
- following additional accesses t0 Devrces, Devicer, and Devnceg, in that order.
Following the three additional accesses, Devaceg is now the MRA of the active
pool and Devices is the LRA of the active_pool., Devtceh De\riceg, Devices, and
Devices have been shifted into standby pool 21. Note that in the example of
Figure 2C, the current LRA pointer points to Device;. Hence, the example of
Figure 2C illustrates both the active and standby pools being fully populated. In
this situation, if a DRAM device that is already in the active pool gets accessed
again, say Devices, then the order of active pool is simply shifted.

This situation is illustrated by the exampie of Figure'..?_D where Devicegis - -
shown occupying the MRA position, with Devicegs and Device; being shifted
down one position in the active pool. Note that Devices still remains the LRA
device in the active pool. The order of the standby pool is unaffected in this

case. If, however, a completely new DRAM device is accessed and placed in
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the active pool, say d:é\?icég, then Devices would be evic_:,t__,gg_ into the standby
pool. But because the standby pool is full, this means that the least recently
accessed device in the standby pool gets evicted into the nap pool. In the
example just described, the standby pool stack structure would be ordered:
Devices, Devices, Devices, and Devices. .

The examples provided up to this point have shown how the active and
standby pools get populated. As explained, once a device has been accessed
it gets removed from either the nap or the standby pools and is placed in the
active pool. When the active pool is full and an access occurs to a device that
is not already in the active pool, the least recently accessed device from the
active pool is evicted into the standby pool.

Ordinary logic circuitry associated with the stack structure tracks both
the active and standby pools. Any DRAM device that is newly accessed has its’
ID compared to the devices already present in both the active and standby
pools. The reason why this is done is because the newly accessed device
could already exist in either the active or the standby pools. If the device is
already in the active pool, the stack ordering in the active pool is simply shifted
around: the stack order of the standby pool does not change. On the other.
hand, if the newly accessed device is aiready present in the standby pool, itis - -
removed from the standby pool and placed into the active pool: The LRA
device in the active pool is then evicted into the standby pooi.

Devices are removed from the standby pool and put into the nap pool
one of two ways. First, if both the active and standby pools are full, and a
completely new device (one that is not already in the active or standby pools) is
accessed, the device in the standby pool LRA position is evicted into the nap
pool. '

DRAM devices can also be evicted from the standby pool to the nap
pool based on the occurrence of a timeout condition. As previously discussed,
the standby pool LRA position moves up and down the stack depending on the
type of events that are taking place within the pool. A pointer is utilized to
identify a current LRA device in the standby stack based on the order in which
it was placed into the standby pool. Once the pointer identifies a device as the

current LRA device in the standby pool, the timer starts counting. After a
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predetermined duration of inactivity in the standby pool, the LRA device in the-
standby pool gets evicted into the nap pool. When this happens, the pointer
moves up the stack and begins countlng anew..

This operation is illustrated in Figure 2E, which shows the contents of
the stack of Figure 2D following a timeout event. In this s_c_e_narlo, Device, gets
evicted from the standby pool and put into the nap pool. Also, the pointer -
moves up to identify Device as the current LRA device. ln this implementation,
the pointer continually moves up the stack upon every timequt event. The
_ pointer is also part of the decoding formula the_t generates an invalid bit for
DRAM devices removed from the standby pool and pleced_ into the nap pool.
The pointer only moves down the stack when devices _are._pleced into the
standby pool from the active pool. Each time this happen:s,'th_e timer is reset.
Once the pointer reaches its maximum LRA location (d_ep_ending on the size of
the standby pool) it stays there until a timeout event oc_curs. _

It should also be understood that the poi_nter remains_in a particular
position, other than its maxitnum LRA location, When a device' in the standby
. poolis upgraded to the actlve pool This event resets the timer. In one .

embodiment, the tlmeout event is based ona number of clock cycles of the
central processor of the computer system Of course, the length of time forthe
t|meout condition, the maximum. LRA posttlon the sizes of both the actlve and
standby pools, etc., are all details which may va_ry_, in sy_stem_to system.
| Figure 2F illustrates the eviction of DRAM devices from the standby pool
based on multiple, repeated timeout events. Figure 2F rejprese.nts the stack
structure of Figure 2E following two additional timeout _even't's in which no
activity occurs with respect to devices in .t_h_e:sta'n_dby pool:: Thus, the example
of Figure 2F illustrates how the pointer walks up the stack in the standby pool,
moving the designation of the LRA device in the standby peol up one position
each time a device is invalidated and evicted into the nap pool.

Note that in the presently. deseribed embodiment, the timer is only
utilized to evict DRAM devices from the standby.pool to the nap pool, and has
no affect on devices in the active pool. In ,othet embodiments, the timer may be
utilized to affect the status of devices in both the standby and active pools. By
way of example, once the standby pool is emptied, the. pomter can be made to
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continue moving up the stack into the active pool, and begin evicting devices
from the active pool into the standby pool based on the occurrence of a timeout
condition. Once placed into the standby pool, the timer may further be utilized
in the manner described above to evict devices into the nap pool.

Another altemative embodiment has the timer walking up into the active
pool, eventually p'ushing devices directly from the active pool to the nap pool
based on inactivity or idleness.

Practitioners will appreciate that these various embodiments are simply
a matter of gate cost and relative circuit complexity. Persons of skill will further
appreciate that the well-known technique of register renaming can be utilized to
implement the present invention. This technigue allows registers that identify
devices in the active pool to simply be renamed to standby pool registers; from
there, a timeout mechanism may be employed to move devices from the
standby pool to the nap pool.

~ Yet another possibility is to move a device directly from the active pool to
the nap pool -- essentially doing away with the standby pool altogether.

Figure 2G represents the scenario shown in Figure 2F following two new
accesses to Deviceg and Deviceyq, in that order. Following the new accesses
- by the processor, Device,ois the MRA device in the active pool and Devices is
the LRA device. Because the active pool was full, each of the new accesses
causes a DRAM device to be evicted from the active pool into the standby pool.
Hence, the standby pool ordering shown in Figure 2G has Device7 and Devices
occupying the top two positions in the standby pool.

As previously mentioned, when a new device enters the standby pool,
the timer mechanism is reset. This means that the pointer in the standby pool
still identifies Device, as the LRA device. The device identified as the current
LRA device in the standby pool remains the LRA device until one of three
things happen: (1) either a timeout condition occurs due to inactivity and the
current LRA device is evicted into the nap pool; (2) the standby pool is filled to
capacity and a new access occurs to a device which is neither in the active
pool nor the standby pools; or, (3) the device which is the current LRA of the
standby pool is accessed and upgraded to the active pool. '
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A final example illustrating the theory of operation of the present.
invention is shown in Figure. 2H.. Flgure 2H represents the scenano of Figure
. 2G following several new events. In Figure 2H, the processor has accessed
two new DRAM devices: Device4 and Deviceiz, with De_vuggm being the most
recently accessed device, |n the active pool. Because the éctive pool was
previously full, Deviceg. and Devnces get shifted down the stack into the standby
pool. Because the additional access exceeds the total pool capacity (of the
active and standby pools), Devices is pushed out of the standby pool and is
evicted into the nap pool. _ : :

After eviction of Device, into the nap pool, the standby pool remains
inactive for a duration that exceeds two timeout events. These two timeout
events mvalldate Devices and Devicey, evicting them back to the nap pool The
example shows that the. pointer has walked up the stack and currently points to
Devices as the LRA device in the standby pool.

Figure 3 is a detailed circuit diagram illustrating the general pool
- structure 30 of the present invention. Pool 30 comprises multiplexers 31, which
store device ID's for slots 1-N. Each slot represents a pc}>$_ition. in the stack

- . structure. Each multiplexer 31 is coupled to a.data latch 33 having an output.

that is coupled back to one of the inputs of muitiplexer 31 in the current slot .
- position. The output of data latch 33 is also coupled to one of the inputs of the
multiplexer 31 in the next siot position. A valid load signgl.i_s used to select
between the two inputs presented to multiplexers 31 on a slot-by-slot basis. An
~ ordinary clock signal is used to latch data into each of the data latches 33.
Each of the valid load signals coupléd to the select inputs of multiplexers 33
~ may be generated by an ordinary state machine that tracks the active and
standby pools and compares the device ID's contained wijth.in those pools with
newly accessed devices. . : |

Figure 4 is a circuit schematlc dlagram of one |mplementat|on of the LRA
device pointer utilized in the standby pool in accordance wuth one embodiment
of the present invention. A multiplexer 35 has a select input signal 36 coupled
to the state machine (not shown) that is used to track the active and standby
pools. The various inputs into multiplexer 35 represent the data information
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latched into the various stack positions or slots shown in the pool circuitry 30 of
Figure 3. The current LRA device represents the outptjt'gi%':"i")"''ié multiplexer 35

based on select input signal 36.
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HII\IlI |\I|l| IIIII Ll lIII

CLAIMS
We claim: _
1. A computer systerh comprising'.-
a central processing unit (CPU);
a memoty sub-system that includes DRAM dev:ces coupled to the CPU,
the CPU selectively accessing mformatlon stored in the DRAM devices;
logic circuitry that assigns the DRAM devices to actlve, standby, or nap
pools based on temporal access of each device by the CPU, the active,
standby, and nap pools correspondmg to power consumptlon states of the
DRAM devices; and . . | 3
means for storing an active p’eol- size to define a rﬁeximum number of
devices of the active pool, '_end a standby pool size to define a maximum
number of devices of the standby pool;
wherein the logic circuitry includes a stack structure associated with the-
active and standby -pools in which a most recently accessed (MRA) device is
placed in the active pool atz'- a top-of-stack (TOS) po:sitio'n',: e'-least-recently
- accessed (LRA) device in'the active pool being evicted to the standby pool
- when the active pool is full and the CPU accesses anothe'f device, which is. -
-gither assigned to the standby or hap pools.
2. The computer system of claim 1 further compnsmg
means for pointing to a LRA device in the standby pool, the LRA device in
- the standby pool being evicted to the nap pool when the active and standby
pools are full and the CPU acce=sses another device that is in the nap pool.
3. The computer system of claim 1 wherein the Iogici circuitry further
includes: : ' g
timer means for evicting the LRA device in the standby pool to the nap pool
after a selected duration of inactivity.
4. The computer system of claim 1 wherein an access by the CPU to a
device in the active pool does not affect the standby or nap pools.
5. The computer system of claim 1 wherein the selected duration of
inactivity comprises a number of clock cycles of the CPU.
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6. The computer system of clalm 1 wherein the timer means evicts the
LRA of the active pool ifit either the standby or nap pdolé when the standby
pool is empty and the selected duration of inactivity elapses.

7. The computer system of claim 1 wherein the storage means comprises
one or more registers of the CPU. _

8. The computer system of claim 1 wherein the storage means comprises
a memory location associated with a basic input/output system (BIOS) or the
computer system. _

9. The computer system of clalm 1 wherein the storage means is
programmabile.

10. A computer system comprising:

a bus;

a processor coupled to the bus;

a plurality of DRAM devices coupled to the bus, the processor accessing
the DRAM devices via the bus;

a controller that assigns each DRAM device to one of a plurality of pools
according to a power consumption state of the DRAM device, the plurality of -
pools including an active pool that contains devices in a high power
consumption state and a nap pool that contains devices in a low power
consumption state, the controller having a stack, with a most-recently accessed
(MRA) device being assigned to a top-of-stack (TOS) position in the active
pool, unaccessed devices being assigned to the nap pool. -

11. The computer system of claim 10 wherein the plurality of pools further
includes a standby pool that contains devices in an intermediate power
consumption state, a least-recently accessed (LRA) device of the active pool
being evicted to the standby pool when the active pool is full and the processor
accesses another device, which is neither assigned to the standby or nap pool.

12. The computer system of claim 11 further comprising:

a first storage location to store an active pool size that defines a maximum
number of devices for the active pool.

13. The computer system of claim 12 further comprising:
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a second storage location to store a standby pool size that defines a-

WO 00/26752

- maximum number of devices for the standby pool. .

14. The computer system of claim 1 'O' whér’ein-upon a reset condition of the
computer system, all of the DRA’M:d_eviC_es aré ,éssigned to the nap pool.

15. The computer system of cla_'_l_im' 13 _further éor‘ripriSing:

a pointer that points to a LRA device qf the standby pool.

16." The computer system of claim 15 wherein the LRA device in the
standby pool is evicted to the nap pdol wheh the active and standby pools are
full and the processor accesses anOther'devicé that is in the nap pool.

-17. The computer system of claim 15 further comprising:

a timer that evicts the LRA device of the standby: pool to the nap pool
after a selected duration of inactivity. =~ _ _

- 18. The computer system of claim_ 11 wherein-an access by the processor
to a device in the active pool does not _affect_-the standby or nap pools.

19. The computer system of claim 1 7 wherein the timer means evicts the
LRA of the active pool into either the 's_tandby or nap pools when the standby
pool is empty-and the selected duration df -in'a_ctivi,ty' elapses.

20. A method of power management for acomputer system including a
processor that access'es‘information.s_tor_ed in DRAM devices, the method
comprising the steps of: - - | S _

- (a) assigning a most-recently accessed (MRA) device to an active pool
associated with a stack, the MRA device béing ata top-of-stack (TOS) position,
the active pool having a predetermined size with a certain stack position
representing a least-recently accessed (LRA) device in the active pool;

(b) evicting the LRA device from the active pool into a standby pool when
the active pool is full and the processor accesses another device, which is not
currently assigned to the active pool;. '

(c) identifying a LRA device in the standby pool;. and

(d) evicting the LRA device from the standby pool into a nap pool upon a
timeout condition. ' '

21. The method according to claim 20 wherein the standby pool is also
associated with the stack, and the active, standby and nap pools corresponding

to power consumption states with the active pool corresponding to a high
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power consumption state and the nap pool corresponding to a low power
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consumption state. ; :

22. The method according to claim 20 wherein the timeout condition
comprises a number of clock cycles of the processor.

23. The method according to claim 20 further comprising the initial step of:

programming the predetermined size into a register.

24. The method according to claim 20 wherein the standby pool also has a
predetermined size, and further comprising the step of:

evicting the LRA device from the standby pool to the nap pool when the
standby and active pools are full and the processor accesses another device,
which is not currently assigned to either the active or standby pools.
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