DEDI CATED MECHANI SM FOR PAGE- MAPPI NG | N A GPU CROSS- REFERENCES TO RELATED
APPLI CATI ONS 100011 This application clains the benefit of United States
provi si onal applications nunbered 5 60/820,952, filed July 31, 2006 and
60/ 821, 127, filed August 1, 2006, both titled DED CATED MECHANI SM FOR
PAGE- MAPPING I N A GPU, by Tong et al., both of which are incorporated by
reference. 100021 This application is related to co-owned and co-pendi ng
United States patent applications nunbered 11/253,438, filed Cctober 18,
2005, titled Zero Franme Buffer; 10 11/077,662, filed March 10, 2005, titled
Menory Managenent for Virtual Address Space with Translation Units of

Vari abl e Range Size; and 11/077662, filed March 10, 2005, titled Menory
Managenent f orDEDRUAT FAY MECSHANNEEVMMOR BRACGH -MARPING EN K GRUi abl e
Range Size, which are incorporated by reference. 15 BACKGROUND (00031 The
present invention relates to elimnating or reducing system nenory accesses
to retrieve addres S | | 8ty i stem nenory
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15 | BACKGROUND
[0003] The present invention relates to eliminating or reducing system memory accesses to
retrieve address translation information required for system memory display data accesses.
{0004} Graphics processing units (GPUs) are included as a part of computer, video game, car
navigation, and other electronic systems in order to generate graphics images on a monitor or

20  other display device. The first GPUs to be developed stored pixel values, that is, the actual
displayed colors, in a local memory, referred to as a frame buffer.
[0005] Since that time, the complexity of GPUs, in particular the GPUs designed and
developed by NVIDIA Corporation of Santa Clara, California, has increased tremendously. Data
stored in frame buffers has similarly increased in size and complexity. This graphics data now

25 includes not only pixel values, but also textures, texture descriptors, shader program instructions,
and other data and commands. These frame buffers are now often referred to as graphics
memories, in recognition of their expanded roles.
[0006] Until recently, GPUs have communicated with central processing units and other
devices in computer systems over an advanced graphics port, or AGP bus. While faster versions

30 of this bus were developed, it was not capable of delivering sufficient graphics data to the GPU.



Accordingly, the graphics data was stored in a |ocal nenory that was
available to the GPU w thout having to go through the AGP port.
Fortunately, a new bus has been devel oped, an enhanced version of the

peri pheral component interconnect (PCl) standard, or PCIE (PCl express).
This bus protocol and resulting inplenentation have been greatly inproved
and 5 refined by NV IDI A Corporation. This in turn has allowed the
elimnation of the local nenory in favor of a systemnenory that is
accessed via the PCIE bus. (0007( Various conplications arise as a result of
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provided by the first memory access. The additional first memory access can be as long as 1
20 usec, greatly slowing the rate at which display or other needed data is read.
[0009] Thus, what is needed are circuits, methods, and apparatus that eliminate or reduce these

extra memory accesses to retrieve address translation information from system memory.

SUMMARY
25  [0010] Accordingly, embodiments of the present invention provide circuits, methods, and
apparatus that eliminate or reduce system memory accesses to retrieve address translation
information required for system memory display data accesses . Specifically, address translation
information is stored on a graphics processor. This reduces or eliminates the need for separate
system memory accesses to retrieve the translation information. Since the additional memory
30  accesses are not needed, the processor can more quickly translate addresses and read the required

display or other data from the system memory.



di splay or other data fromthe systemnenory. 2 100111 An exenpl ary

enbodi nent of the present invention elimnates or reduces system nenory
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pre-populating a cache referred to as a graphics translation | ook-aside
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accesses for address translation information by storing a base address and an address range for a
large contiguous block of system memory provided by a system BIOS. At power-up or other
appropriate event, a system BIOS allocates a large memory block, which may be referred to as a
20  "carveout," to the GPU. The GPU may use this for display or other data. The GPU stores the
base address and range on chip, for example, in hardware registers.
[0014] When a virtual address used by the GPU is to be translated to a physical address, a
range check is done to see if the virtual address is in the range of the carveout. In a specific
embodiment of the present invention, this is stmplified by having the base address of the
25  carveout correspond to a virtual address of zero. The highest virtual address in the carveout then
corresponds to the range of physical addresses. If the address to be translated is in the range of
virtual addresses for the carveout, the virtual address can be translated to a physical address by
adding the base address to the virtual address. If the address to be translated is not in this range,
it may be translated using a graphics TLB or page tables.

30 {0015} Various embodiments of the present invention may incorporate one or more of these or

the other features described herein. A better understanding of the nature and advantages of the



addi ng the base address to the virtual address. If the address to be
translated is not in this range, it may be translated using a graphics TLB
or page tables. 30 100151 Various enbodi ments of the present invention nmay

i ncorporate one or nore of these or the other features described herein. A
better understanding of the nature and advantages of the 3 present invention
may be gained with reference to the follow ng detail ed description and the
acconpanyi ng drawi ngs. BRI EF DESCRI PTI ON OF THE DRAW NGS 5 100161 Fi gure |
is a block diagramof a computing systemthat is inproved by incorporating
an enbogies@mninveiitidnheayfeeg@id withviefdrénea to tho @dilolvif detiied2ek&iptiobland khedi agr am
of another conputing systemthat is inproved by incorporating an enbodi nent
of the pPESERENBRUAVINSH: 100181 Figure 3 is a flowhart illustrating a

nmet hod of accessing display data stored in a system 10 nenory according to
an enbodi rent of the present invention; 100191 Figures 4A-Cillustrate
transfers of commands a®RIE&tRESGRIPEEM Qe HE/BRAWNNGS Ng a net hod of

accessin i plg.a data.,accordin 0 an enbodi ment of. the present invention,;
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invention; 15 100211 Fid)?ure 6 illustrates the transfer of commands and data

in a conffék Eipyteehisdllockgliseramet podhes compegsivaigmdhapt wypragidbyaccor di ng to
an e”bOding&@Bra%%m%nt%&?a@ﬁl_tofmv PlchClved3f22) Figure 7 is a block diagram
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of a graphi s processing unit consistent wth an enbodi nent of the present
i nvent i o018 dFik062Bik aHloguehert 8lussaténgdi ragthadw lodccass g applaysiacant@dedacosydieng t o
an epbodi nent of the gresegtd. 20 invention. DESCRIPTION OF EXEMPLARY
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memory according to an embodiment of the present invention;

15 [0021] Figure 6 illustrates the transfer of commands and data in a computer system during a
method of accessing display data according to an embodiment of the present invention;
[0022] Figure 7 is a block diagram of a graphics processing unit consistent with an
embodiment of the present invention; and
[0023] Figure 8 is a diagram of a graphics card according to an embodiment of the present

20  invention.

DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0024] Figure 1 is a block diagram of a computing system that 1s improved by the

incorporation of an embodiment of the present invention. This block diagram includes a central
25  processing unit (CPU) or host processor 100, system platform processor (SPP) 110, system

memory 120, graphics processing unit (GPU) 130, media communications processor (MCP) 150,

networks 160, and internal and peripheral devices 270. A frame buffer, local, or graphics

memory 140 1s also included, but shown by dashed lines. The dashed lines indicate that while

conventional computer systems include this memory, embodiments of the present invention

30  allow its removal. This figure, as with the other included figures, is shown for illustrative



networ ks 160, and internal and peripheral devices 270_ A Danme buffer, |ocal,
or graphics nenory 140 is al so included, but shown by dashed |lines. The
dashed lines indicate that while conventional conputer systens include this
menory, enbodi ments of the present invention 30 allowits renoval. This
figure, as with the other included figures, is shown for illustrative 4

pur poses only, and does not |limt either the possible enbodinents of the
present invention or the clainms. 100251 The CPU 100 connects to the SPP 110
over the host bus 105. The SPP 110 is in comunication with the graphics
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(DIMMs). The graphics processing unit 130, SPP 110, MCP 150, and IGP, if used, are
preferably manufactured by NVIDIA Corporation.
[0027] The graphics processing unit 130 may be located on a graphics card, while the CPU

20 100, system platform processor 110, system memory 120, and media communications processor
150 may be located on a computer system motherboard. The graphics card, including the
graphics processing unit 130, 1s typically data printed circuit board with the graphics processing
unit attached. The printed circuit board typically includes a connector, for example a PCIE
connector, also attached to the printed circuit board, that fits into a PCIE slot included on the

25  motherboard. In other embodiments of the present invention, the graphics processor is included
on the motherboard, or subsumed into an IGP.
[0028] A computer system, such as the illustrated computer system, may include more than
one GPU 130. Additionally, each of these graphics processing units may be located on separate

graphics cards. Two or more of these graphics cards may be joined together by a jumper or other

30  connection. One such technology, the pioneering SLI™™, has been developed by NVIDIA



25 not herboard. In other enbodi nents of the present invention, the graphics
processor is included on the notherboard, or subsunmed into an I GP. 100281 A
conput er system such as the illustrated conputer system nay include nore
than one GPU 130. Additionally, each of these graphics processing units may
be | ocated on separate graphics cards. Two or nore of these graphics cards
may be joi ned together by a junper or other 30 connection. One such

t echnol ogy, the pioneering SLITM has been devel oped by NVIDIA 5
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invention provide a savings that includes not only the absence of these DRAMSs, but additional
savings as well. For example, a voltage regulator is typically used to control the power supply to
the memories, and capacitors are used to provide power supply filtering. Removal of the
20  DRAMs, regulator, and capacitors provides a cost savings that reduces the bill of materials
(BOM) for the graphics card. Moreover, board layout i1s simplified, board space 1s reduced, and
graphics card testing is simplified. These factors reduce research and design, and other
engineering and test costs, thereby increasing the gross margins for graphics cards incorporating
embodiments of the present invention.
25 [0032] While embodiments of the present invention are well-suited to improving the
performance of zero frame buffer graphics processors, other graphics processors , including
those with limited or on-chip memortes or himited local memory, may also be improved by the
incorporation of embodiments of the present invention. Also, while this embodiment provides a

specific type computer system that may be improved by the incorporation of an embodiment of

30  the present invention, other types of electronic or computer systems may also be improved. For



engi neering and test costs, thereby increasing the gross margins for
graphics cards incorporating enbodinents of the present invention. 25
100321 Wil e enbodi ments of the present invention are well-suited to

i nproving the performance of zero frane buffer graphics processors, other
graphics processors , including those with limted or on-chip nenories or
limted | ocal nenory, may al so be inproved by the incorporation of
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communicates with the SPP 210 via a high-speed connection such as a HyperTransport bus 255,
and connects network 260 and internal and peripheral devices 270 to the remainder of the
computer system.
20 [0036] As before, the central processing unit or host processor 200 may be one of the central
processing units manufactured by Intel Corporation or other supplier and are well-known by
those skilled in the art. The graphics processor 230, integrated graphics processor 210, and
media and communications processor 240 are preferably provided by NVIDIA Corporation.
[0037] The removal of the frame buffers 140 and 240 in Figures | and 2, and the removal of
25 other frame buffers in other embodiments of the present invention, 1s not without consequence.
For example, difficulties arise regarding the addresses used to store and read data from the
system memory.
[0038] When a GPU uses a local memory to store data, the local memory is strictly under the
control of the GPU. Typically, no other circuits have access to the local memory. This allows

30  the GPU to keep track of and allocate addresses in whatever manner i1t sees fit. However, a

system memory 1s used by multiple circuits and space is allocated to those circuits by the



processing units manufactured by Intel Corporation or other supplier and are
wel | -known by those skilled in the art. The graphics processor 230,

i nt egrated graphics processor 210. and nedia and comuni cati ons processor
240 are preferably provided by NVID A Corporation. [00371 The renoval of
the frame buffers 140 and 240 in Figures | and 2, and the renoval of 25
other franme buffers in other enbodi nents of the present invention, is not

wi t hout consequence. For exanple, difficulties arise regarding the
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on a GPU; to do so is undesirable due to cost ] ]

[0040] ~The page tables are too large to put on a GPU; to do so is undesirable due to cost
constraints. Accordingly, the page tables are stored in the system memory. Unfortunately, this
means that each time data is needed from the system memory, a first or additional memory

20 access is needed to retrieve the required page-table entry, and a second memory access 1s needed
to retrieve the required data. Accordingly, in embodiments of the present invention, some of the
data in the page tables are cached in a graphics TLB on the GPU.
[0041] When a page-table entry is needed, and the page-table entry is available in a graphics
TLB on the GPU, a hit is said to have occurred, and the address translation can proceed. If the

25  page-table entry is not stored in the graphics TLB on the GPU, a miss is said to have occurred.
At this point, the needed page-table entry is retrieved from the page tables in the system memory.
[0042] After the needed page-table entry has been retrieved, there is a high likelihood that this
same page-table entry will be needed again. Accordingly, to reduce the number of memory
accesses, 1t is desirable to store this page-table entry in the graphics TLB. If there are no empty

30 locations in the cache, a page-table entry that has not been recently used may be overwritten or

evicted in favor of this new page-table entry. In various embodiments of the present invention,



constraints. Accordingly, the page tables are stored in the system nnennory.
Unfortunately, this neans that each tine data is needed fromthe system
menory, a first or additional menory 20 access is needed to retrieve the
requi red page-table entry, and a second nenory access is needed to retrieve
the required data. Accordingly, in enbodi nents of the present invention,
sone of the data in the page tables are cached in a graphics TLB on the
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A miss within the 256KB reads one of those identical entries.

20  [0044] As mentioned above, if a needed page-table entry 1s not available in the graphics TLB,
an extra memory access is required to retrieve the entry. For specific graphics functions that
require a steady, consistent access to data, these extra memory accesses are very undesirable.
For example, a graphics processing unit requires a reliable access to display data such than it can
provide image data to a monitor at a required rate. If excessive memory accesses are needed, the

25  resulting latency may interrupt the flow of pixel data to the monitor, thereby disrupting the
graphics image.

[0045] Specifically, if address translation information for a display data access needs to be
read from system memory, that access is in series with the subsequent data access, that 1s, the
address translation information must be read from memory so the GPU can learn where the

30  needed display data is stored. The extra latency caused by this extra memory access reduces the

rate at which display data can be provided to the monitor, again disrupting the graphics image.



15 graphics TLB entry, which is a single PTE. In this case, the page table
itself is arranged as 16 byte entries, each of which map at | east |6KB.
Therefore, the 256KB page-table entry is replicated at every page table

| ocation that falls within that 256KB of virtual address space.

Accordingly, in this exanple, there are 16 page table entries with precisely
the same information. A mss within the 256KB reads one of those identical
entries. 20 100441 As nentioned above, if a needed page-table entry is not
avai l able in the graphics TLB, an extra nenory access is required to
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entngs %g)(/:gesl%cked or otherwise restricted. In a specific embodiment of the present invention,
page-table entries needed for display data are locked or restricted, though in other embodiments,
other types of data may be locked or restricted. A flowchart illustrating one such exemplary

20  embodiment is shown in the following figure.
[0048]) Figure 3 is a flowchart illustrating a method of accessing display data stored in a system
memory according to an embodiment of the present invention. This figure, as with the other
included figures, is shown for illustrative purposes and does not limit either the possible
embodiment of the present invention or the claims. Also, while this and the other examples

25  shown here are particularly well-suited for accessing display data, other types or data accesses
can be improved by the incorporation of embodiments of the present invention.
[0049] In this method, a GPU, or, more specifically, a driver or resource manager running on
the GPU, ensures that the virtual addresses can be translated to physical addresses using
translation information stored on the GPU itself, without the need to retrieve such information

30  from the system memory. This is accomplished by initially pre-populating or preloading
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100471 Accordingly, enbodi nents of the present invention pre-popul ate the
graphics TLB with page-table entries. That is, the graphics TLBis filled
with page-table entries before requests needing themresult in cache

m sses. This pre-popul ation typically includes at | east page-table 15
entries needed for the retrieval of display data, though other page-table
entries may al so pre- popul ate the graphics TLB. Further, to prevent
page-table entries frombeing evicted, sonme entries nay be | ocked or
otherwi se restricted. In a specific enbodi ment _of the present invention,
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blocks of system memory space allocated for the GPU by the operating system may be
combined, where a single base address is used as a starting address, and virtual addresses are

20  used as an index signal. Examples showing this can be found in co-pending and co-owned
United States patent number application number 11/077662, filed March 10, 2005, titled
Memory Management for Virtual Address Space with Translation Units of Variable Range Size,
which is incorporated by reference. Also, while in this example, this task is the responsibility of
a resource manage that it part of a driver running on a GPU; in other embodiments, this and the

25  other tasks shown in this and the other included examples may be done or shared by other
software, firmware, or hardware.

[0053] In act 350, the resource manager writes translation entries to the page tables in the
system memory. The resource manager also preloads or pre-populates the graphics TLB with at
least some of these translation entries. In act 360, some or all of the graphics TLB entries can be

30  locked or otherwise prevented from being evicted. In a specific embodiment of the present

invention, addresses for displayed data are prevented from being overwritten or evicted to ensure
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10 device in the systemmay be responsible for this task. In other
enbodi nents, this task is shared by both the operating system and one or
nore of the drivers or other software. In act 340, the resource manager
recei ves the physical address information for the space in the system nmenory
fromthe operating system This information wll typically include at |east
the base address and size or range of one or nore sections in the system
menory 15 100521 The resource manager may then conpact or otherw se arrange
this information so as to |limt the nunber of page-table entries that are
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exanple, this task is_the responsibility of a resource nanage that it part
of a dri e Mﬁﬁica@bﬁﬁpuad apt9-PEIng: e copise Uniat statesprisnLgpplisdiionmmieher
tasks shephog et ficd DRAGnECNE, RJ0BEH AN HaHARE: RX MTRICERNITCIR QR AL Shar ed by
other software, firmmvare, or hardware. 100531 In act 350, the resource
manager Welidyewhichanistapirornd bytrefewscd. dntotfer pabeditrahis eghé¢resthgions yat lsam nenor y .
"I he,resgurce man r also.preloads, or e- ul at es tihe agraphics TLR with
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evicted. In_a specific enbodinent of the present invention, addresses for

di spl aye€irdis thahsan pisve heesmrhics hibei Mieredidywl 2 dleass st thadagt Bdhs ettt e 11

that addrRasfse fAhodeREANlAfoPEREON can be provided w thout additional
system nmenory accesses being needed for address translation information.

100541 THI0SS) obkacng7hreshehdisplaliioeverdr drgd ngeeddifows sysenhodnoposistierdt Wit h
oo o e s B RO eGP R BB 0 BB e
can be rgsphit€TEB. Sp&itidalata LiRey adaRmok pwvided t6l8leardphidsa3iB, afd 8d cache
| ocations, but rather nust wite to one of a nunber of pooled or )
unr est ri earegreeEtgeypigd @ddress is read. Again, if this information is not stored in the graphics
TLB, it needs to be requested from the system memory before the address translation can occur.
[0056] In various embodiments of the present invention, other techniques may be included to
20 limit the effects of a graphics TLB miss. Specifically, additional steps can be taken to reduce the
memory access latency time, thereby reducing the effect of a cache miss on the supply of display
data. One solution is to make use of the virtual channel VC1 that is part of the PCIE
specification. If graphics TLB miss uses virtual channel VC1, it could bypass other requests,
allowing the needed entry to be retrieved more quickly. However, conventional chip sets do not
25  allow access to the virtual channel VC1. Further, while NVIDIA Corporation could implement
such a solution in a product in manner consistent with the present invention, interoperability with
other devices makes it undesirable to do so at the present time, though in the future this may
change. Another solution involves prioritizing or tagging requests resulting from graphics TLB

misses. For example, a request could be flagged with a high-priority tag. This solution has

30  similar interoperability concerns as the above solution.
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More details can be found in co-pending and co-owned United States patent
application nunber 11/299256, filed Decenber 8, 2005, titled Shared Cache
with Cient-Specific Replacenent Policy, which is incorporated by
reference. In other enbodi ments, other restrictions can be 10 placed on
circuits that can wite to the graphics TLI 3, or data such as a flag can be
stored with the entries in the graphics TLB. For exanple, the existence of
sonme cache lines may be hidden from circuits that can wite to the graphics
TLB. Alternately, if a flag is set, the data in the associated cache line
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quickby.uﬁpw@yer, conventional chip sets do not 25 allow access to the
virtual channel VC. Further, while N VIDI A Corporation could inplenent

such a s@059] o Figua 48, dduglerating epsmne allaansisgdce hidr tid GRUtihehgpyssmnbemory

invention, interoperability with other vi.ces nmkes.i ndesirable to do
Lo ot t s SaShe ReT ARl it Rl 08 LR T LRAET in e P RERt e
sol uti ongiapNiRl MRMoRS 420rhiy At Rde AisplhRdsta NEal i€ Pl susLBplikplag (@R 36aRnbi s

TLB m sses. For exanple, a request could be flagged with a high-priority
tag. Thi dessopiars srderasogamgpsiuchens; prdedtbelaindicopmasdcer ns as t he above

sol ut L on 57 ,.gu =G dllustr S d data
o atsonied? MRRABHREIAG ST ol Sianstans dlpSmandsya0E ot
an enbodsent asdkinglenpruesenin dtmrentbodimentsrorichasples gecal ot @edspangey bé he

conmput er systemof Figure | is, shown, though conmand and data transfers in

g
ot her sy8P¥RBUIEUWOYS KNS, {tHRAYREdignarale Supkep 4P pRtg (RLIRIe seehignssi i | ar .

[0061] Information that typically includes one or more base addresses and ranges of sections of
the system memory is passed to the GPU. Again, in a specific embodiment of the present

20 invention, this information is passed to a resource manager portion of a driver operating on the
GPU 430, though other software, firmware, or hardware can be used. This information may be
passed from the CPU 400 to the GPU 430 via the system platforin processor 410.
[0062] In Figure 4C, the GPU writes translation entries in the page tables in the system
memory. The GPU also preloads the graphics TLB with at least some of these translation

25  entries. Again, these entries translate virtual addresses that used by the GPU into physical
addresses used by the frame buffer 422 in the system memory 420.
[0063] As before, some of the entries in the graphics TLB may be locked or otherwise
restricted such that they cannot be evicted or overwritten. Again, in a specific embodiment of
the present invention, entries translating the addresses 1dentifying locations in the frame buffer

30 422 where pixel or display data is stored are locked or otherwise restricted.
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5 10058J In Figure 4A, at system power-up, reset, reboot, or other event,
the CPU sends a request for system nenory space to the operating system
Again, this request may cone froma driver operating on the GPU,
specifically a resource nmanager portion of the driver may nake this

request, though other hardware, firmwvare, or software can nmake this request.
This request may be passed fromthe CPU 430 through the system platform
processor 410 to the central processing 10 unit 400. [00591 In Figure 413,
the operating systemall ocates space for the CPU in the systemnenory for
use as tW864)r aithebdhthas nagdedjrodphicessseveingn yhedfPdme Hilfeer 432, o irsab nditiesses ushé f r ane

buf f 2 ] de di spl dat a, i i xel
val ues 1 or WEIRRT A o B o s LOER A R S gt

I NSt ruct feqists A thetARedkal @ thNd seanpTaist s pré&esdQ060 wiith fAiSthexaptedath he

al l ocated space, the frane buffer 422 in systemnenory 420, is shown as

bei ng cofftdigsrsdt othe GPHeP3Oenbodi ments or exanpl es, the all ocated space nmay
be nc Eigu t. it g LLSP il e
ect i ons U6t T AR OrarT ol DR o EPES B Gper JoRKERHEr Lkl TR

addr essethe 4Tl seadge seqoést seibeiopersting systehefos yisice m thee sptgm ngmpas sledthen t he GPU
Again, in ﬁ‘f ecifég enbo(gi.ment. of ttkla}g Erege E 20, invention, this

"t or rrat FBRPBRa b e P T ERHT Al R By dRe BB TRt e bR BBk ati ng on
the GPUndsGry ik RASIN Q] hRGueselibaeneelits BYaTaBe. BIthiBE@VRERIGABIDS used. This
information may be passed fromthe CPU 400 to the GPU 430 via the system

pl at f or NP8 EEsEgeEm4a@ther goiware] npyagras hadwardh magpllpeatq speee nithhsisEa on
tries j t ' t . The GP | s0. ds th
en rL@S %B’j&o?ﬁ\ggllg aap%h%§-u|§,we£é?,%F§%%, 0$mhep§épg§%r}ate A hls 2 §Rlc%§\g°?‘ s the

gr aphi cs I'east Sone of these tra ion 25 entri es. ain,
t hese enfensibls it & angidicé envirdnueht, agkdr 8 ageshikchaplicas e whyretid Grenotntalilyhy si cal
addresses used b rane buffer 422 in the sgstem menory 420 [ 00631 As

the f
before, ¥HHRCOP" %luﬁg‘tétr‘?g’rqséléeﬁ IPREe B2A5H R aRALEAAY be | ocked or ot herwi se

restrict @desUcith BRL hiieMraadPRw BR a8N1c6des thalt i QY REMn the §Rter\S@inBry, bPthe
specific enbodi nrent of ~ the present invention, entries translating the

addr esseaddressgstipfoymatepnl roevabd piseditp the{eP baithe Lystemdd lOSoraporahesystepl-xlal  or
T I
used bysihfie a@irkss4BO baseardtireas) skatsed bt kitavipbnysodddd @dby @ BEe S\ |usiandy, tthe
graphi Csm-grglgryéls%%ée ggyegeedisparate or noncontiguous, and multiple addresses may need to be known
or provided to the GPU. Typically, other information, such as memory block size or range
information, is also passed to or known by the GPU.
20 [0067] Also, in various embodiments of the present invention, space in the system memory
may be allocated by the system by an operating system at power-up and the GPU may make a
request for more memory at a later time. In such an example, both the system BIOS and
operating system may allocate space in the system memory for use by the GPU. The following
figure shows an example of an embodiment of the present invention where a system BIOS is
25  programmed to allocate system memory space for a GPU at power-up.
[0068] Figure S is a flowchart illustrating another method of accessing display data in a system
memory according to an embodiment of the present invention. Again, while embodiments of the
present invention are well-suited to provide access to display data, various embodiments may
provide access to this or other types of data. In this example, the system BIOS knows at power-

30 up that space in the system memory needs to be allocated for use by the GPU. This space may

be contiguous or noncontiguous. Also in this example, the system BIOS passes memory and
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requests are then transferred to the system platform processor 410, which
reads the required data and returns it to the GPU 430. 5 100651 In the
above exanples, followi ng a power-up or other power reset or simlar
condition, the GPU sends a request to the operating systemfor space in the
system menory. In other enbodinments of the present invention, the fact that
the GPIJ will need space in the system nenory is known and a request does
not need to be nade. In this case, a systemBI OGS, operating system or

ot her software, firmvare, or hardware, may allocate space in the system 10
menory f addrepsiingrnsatipowe s raspyrce egetger pedibetporiom dtatkivenppr 6GFY, oeglewenher Thi s
s parti Ul ARk Yo LEARLPLE L AGSONT QLSS vl LonmRal o Seh 25,0, mohid e

appl i cation ere EETRFE "o reacﬁly svvappédr or su (s’tf’{‘u{e VA ey
of t en ar 6PUMmay steskdropf @ppldeatihandi@chiadléaikd?U may al ready know the
addresses that it i 0 use in the system rrermr%; or the addresses

.Is to ;o
i nf or mat W% hayPisaligiesadct 0 e compiteyonailer slestrams BrstaD Bewepapatt #5453y st em
I'n 155 ei {R&Ys1GAROSLRGHIE RGO FwWIRY COM QU S PPE L hO infeNMory,
in wh?ch cag% only a gE::i n gypaddr ess, t ﬁgﬁ\ggrs?’e addr ess, uﬂgetc]s Jtglfz)eﬁ)%leng‘linown or
pr ovi dedsys@nt, hdo@RisspAletie thealy sby, mdnhey foraroby theaitle. Hfele inemdiysypaccate or

noncont i 9uo.us, and nul t:g%g addr esses r@gﬁéneed to be known r lgrovj ded to
the GPU. “RNSIR%L Iy sydem RFOTHEE 280" ASTEH 198 AR PUHEETR €VIe8P e SRge
i nformat hoPU. i 15 th%'xﬁé?nd??-%%ﬁ.@ id ©onebntkReW) tHYsytbR BEY. willprdQ864 hub& @f bhde

vari ous enbodi ments of the present 1nvention, space in the system nenory

may be ahddsesagsed:aply basgaddigss is ipisally aceopmanict hy moprore flogk sige Wdprmatipn.gheh t he
CPU may : g j S anpl e,
ot h G e oy o & ao RS SR ERLR, THIANNY Lol fhed b M S Bl B R
menory f oremosespaye. tFies BRUmatibie isftgpit v aagompangudrtey slieesraage ef@npalien.of an

enbodi mept e _present invention where a syste | OS is. 25 programed to
al | ocaterﬂsﬂggi eﬁ%%ﬁ@f‘ﬁsﬁeee ARG o5 PO A %%&%ﬁle&?‘?méﬁo- e s
f 1 oWChar Virdubl A4t @t AT AOM BRI @BhhAchl AldraGEERSk NG ot SRIRNE Ar@al AdRsEYSt €M
menory according to an enbodi nent of the present invention. Again, while

enbodi ment mdef. kdiexampplesientspenire ambohmanteof\ied pressnf nsention, pyiovildddrscass t o
G15pL8Y. Rolny a1, AN TRIN S N LAY ShREER TR A0 P ypes
the syst fio7mpndpyciiedgdswian dertadlladdratad id lor raskatddyo b pysEUaddresshi sngpace nmay
Prgn'g(r);t Iag%lz%ll(j ?s p%l;foprgg .O\Q’Ellerg t gléltsc)}eﬂhs}/gicglr])agehelldscire:esé g'(r)rr}?els;e)éndtsrgg a %/'rtsutaﬁmdlr%ls%f passes
zero, 1f the virtual address 1s 1n the range, the virtual address can be translated by summing it
with the physical base address. Similarly, when the stored physical base address corresponds
20  with a virtual address of "X", if the virtual address is in the range, the virtual address can be
translated by summing it with the physical base address and subtracting "X." If the virtual
address is not in the range, the address can be translated using the graphics TLB or page-table
entries as described above.
[0072] Figure 6 illustrates the transfer of commands and data in a computer system during a
25  method of accessing display data according to an embodiment of the present invention. At
power-up, the system BIOS allocates space, a "carveout” 622 in the system memory 624 use by
the GPU 630.
[0073] The GPU receives and stores the base address (or base addresses) for allocated space
or carveout 622 in the system memory 620. This data may be stored in the graphics TLB 632, or

30 it may be stored elsewhere, for example in a hardware register, on the GPU 630. This address 1s

stored, for example n a hardware register, along with the range of the carveout 622.
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14 address information to a resource nmanager or other portion of a driver on
a GPU, though in other enbodinents of the present invention, the resource
manager or other portion of a driver on the GPU may be aware of the address
i nformation ahead of tinme. 100691 Specifically, in act 510, the conputer or
ot her electronic systempowers up. In act 520, 5 the system BI OGS or ot her
appropriate software, firmvare, or hardware, such at the operating system
al |l ocates space in the systemnenory for use by the GPU. |If the nmenory space
is contiguous, the system BICS provi des a base address to a resource

manager ﬂm7d}|V@Wﬂﬂ@@ﬂﬁﬁgﬁbﬁmiﬁOthﬁﬁ?mebW@Hﬁﬁﬁmm9W§mﬁ@@rm@mnmﬁ%@ﬁhqguous
the syst emug a%resses s la)yttl)lg%l)% @3‘6‘3% be% e?tsgto q’g’glc ¢ rsesselsz%gerzihb%/l ¢ address

is typ|ca acco 'Size 1 on, suc “as size
or addr esﬁsterrﬁngmomlﬁyorrmhgm wffyglladaieisys ad zhﬂnmgalrs Pag epdcficenthadingubf a
contlguous menory space. Thug information is typically acconpanied b{

addr ess f%?rpg%sewrff%eﬁwam vl addypspes InFheCaront %fiﬂja"rsééaélgaﬁff tfﬁ&ﬁ'@@ a9 Bhsicgl ed for

use 08 tBeyBY byl (BEDiruAURARIVSNhe bask hiMals. afqtq{l@sm% Hadudafsgonverted to
physi cal addresses I m act 550 by using the virtual addresses an index. For

exanpl e, comesposisee i Virthabaddogs aerero, m‘imtathed(bmmn be goevericd m praysighlrtiyuelding
address can 1 cony erted to, a si cal ad S the virtua
fh %h bb e ad d S as ge 16617%1%95 p’,sé?;a“f v (?dre sSes ougsuﬂzq}\? [phge gmjh% oSS i s

addr ess Iess. ViT

to be tr aﬁﬁdlzaémlﬁg)grapm&ysuwdndqﬁgé 2bks aadésa;mgﬂ ab@heck is perfornmed. When
the stored physical base address corresponds to a virtual address of zero,
i f the vi®47ahi Fiayag Biss hlack dagrpm of 4 gwhics Reocgssingamt Caam%w&w be

trangpat ggb&ﬁnéwtﬁ%pkgem \détg&hlo&]hth&k r%%@a@f}%fn@? gmcéls )éo when

t he stor ysi cal base address correspon |rtua a ress of
"X, 0 f ur’mc@d\zs a PGHL inadttice 810, |gsaphr¢s phelinafife graphies V1. Bt138) ardddgie sscwaObe

oL o TRl P B T RS e R o

usi ng t hemgédphGSf the.pReserit iR@GG0H VML typROLI hiBSs Afrcds atichpdd abmigy [ 00721
Figure 6 illustrates the transfer of commands and data in a conputer system

during adezbpsgtanddhase thabeebhs dryclpspindye biers mecbt ticdg Thosraphientroessieat  of
Car beou T BgSFhy Rlned B A O e RS P BT e r
recei vesiraeglated orast hdyecdngsse datdi$§0§.or base addresses) for allocated space
[0076] The graphics pipeline 720 receives data from the PCIE interface and renders data for
display on a monitor or other device. The graphics TLB 730 stores page-table entries that are
used to translate virtual memory addresses used by the graphics pipeline 720 to physical memory
20  accesses used by the system memory. The logic circuit 740 controls the graphics TLB 730,
checks for locks or other restrictions on the data stored there, and reads data from and writes data
to the cache.
[0077] Figure 8 is a diagram illustrating a graphics card according to an embodiment of the
present invention. The graphics card 800 includes a graphics processing unit 810, a bus
25  connector 820, and a connector to a second graphics card 830. The bus connector 828 may be a
PCIE connector designed to fit a PCIE slot, for example a PCIE on slot on a computer system's
motherboard. The connector to a second card 830 may be configured to fit a jumper or other
connection to one or more other graphics cards. Other devices, such as a power supply regulator
and capacitors, may be included. It should be noted that a memory device is not included on this

30  graphics card.
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or carveout 622 in the systemnenory 620. This data may be stored in the
graphics TLB 632, or 30 it nmay be stored el sewhere, for exanple in a

har dware regi ster, on the GPU 630. This address is stored, for exanple in a
hardware regi ster, along with the range of the carveout 622. 15 100741 When
data is to be read fromthe frame buffer 622 in the system nenory 620, the
virtual addresses used by the CPU 630 can be converted to physical addresses
used by the systemnenory by treating the virtual addresses as an index.
Again, in a specific enbodinment of the present invention. virtual addresses
in the c#W8butlhadbivesissarighge obgemplaansmacdncnts opty dnveatioshasdgeepantdsy

addi ng t Ii‘cﬁ tfd 5Jr§6’as|es gpiﬂ[lﬁﬁa%gggn& @&c?ﬁ?o% qul}l&siﬁtenamg 'e%xhziufsti\;eh(?rt A tﬂgdr €ss
corresponds to a virtual address of zero, virtual addresses can be converted
t o physi oakntiyn tade precisd foemdeeribbie abdsenpdadddsstias adé saidtivedalpovebldgai n,

virtual addresses outside the range can be trans|ated usin raphi cs TLBs
bhd page TR 4 R RPT bl R0 chiGre Sered PSR Rl r am of a
gr aphk cs R I96 sShriddiphRi df 1&0RSnsibEBAd e praci@al dfpliesiRadidmBleh PEndbnopérgsent
invention. This block diagram of a graphics processing unit 700 includes a
PCl E i nt ekifledia tha @t todreaiphilize tsiipeantige in7gagiougerapasimentT Bl 78 vagmy | ogi c
circuit ; { r . ) 1 nd recei ves data over the
PCl E buszﬁﬁgkaiggfgghﬁﬁh%% é&@&%ﬂ%ﬁ%ﬂﬁégggﬂgl§§ e present invention. other
types of buses currently devel oped or being devel oped, and those that wl|
be developed in the future, may be used. The graphics processing 15 unit is
typically formed on an integrated circuit, though in sonme enbodi nents nore
than one integrated circuit may conprise the GPIJ 700. 100761 The graphics
pi peline 720 receives data fromthe PCIE interface and renders data for

di splay on a nonitor or other device. The graphics |I'LB 730 stores
page-table entries that are wused to translate virtual nenory addresses used
by the graphics pipeline 720 to physical nmenory 20 accesses used by the
system menory. The logic circuit 740 controls the graphics I'LB 730, checks
for locks or other restrictions on the data stored there, and reads data
fromand wites data to the cache. 100771 Figure 8 is a diagram
illustrating a graphics card according to an enbodi nent of the present

i nvention. The graphics card 800 includes a graphics processing unit 810, a
bus 25 connector 820, and a connector to a second graphics card 830. The bus
connector 828 nmay be a
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PCI E connector designed to fit a PCIE slot, for exanple a PCIE on slot on a
conputer systemls notherboard. The connector to a second card 830 nay he
configured to fit a junper or other connection to one or nore other
graphics cards. O her devices, such as a power supply regulator and
capacitors, may be included. It should he noted that a nmenory device is not
included on this 30 graphics card. 16 (0078) The above descri ption of
exenpl ary enbodi nents of the invention has been presented for the purposes

of illustration and description. It is not intended to be exhaustive or to
limt th&VHARJSRILIAIMEINIS:he precise form described, and many nodifications
and variations are possible in light of the teaching above. The enbodi nents

wer e ¢hosen and degcrib j e . j rinci s of the
invenfion and its gract%gg#ﬂgggﬁﬁég%ﬁ%ﬁg§%%§%ﬁggkgtggﬁggfg(gpﬁggg%'skiIIed
in th2 art to bestregtdsting eccessgo inpweny looatidang ivasyseums menoodi nents and with
varioyus nodifications. as . are suited to the particuyl use contenpl at ed.
VAT 1S LA ED 1 Seoavip e i Gor B ool iy ikt iy EG s e

pr oces$sokyseiRichdtythe addrds & M@ EiatitginRRARSSnfofn ARMAAMNtINAS AR 104 ohdplRskUBt €M
menory; 3 receiving address information for at |east one block of nenory

| ocat on§wFH"XﬁBhﬂﬁé%Vsten1nennry, the address information including

i nforpation identifyi W) cal . 6
storiﬁg a page tab%éé% ??%xé%$§%%§§%ﬁ¥ 5%9%@{ g% g?%%ﬁ%%gggéétﬁaggess in a
7 cache: c&hoherein the address information is received and the page-table
entry_is stored in 9 the c che.%jthout.maiti g for a cache mss. 1 2. The
methotl of claim | FPEPIH ?a@éﬁfﬁm QinHyon lszeg%ﬂgmg hoRaepAgde bl e SeRdY i n
the syst e ABIOG Yhout dading Thter dBdadsof claim 2 further conprising: 2 |ocking
the location in the cache where the page-table entry is stored 1 4. The
netho? of claim3 yherein t he graphics\processor_is a graphics

The method of claim 1 further comprising;:
2 storing the page table-entry in the system memory.
1 3. The method of claim 2 further comprising;:
2 locking the location in the cache where the page-table entry is stored.
i 4. The method of claim 3 wherein the graphics processor is a graphics

2 processing unit.

1 5. The method of claim 3 wherein the graphics processor is included on an

2 integrated graphics processor.

1 6. The method of claim 3 wherein the request for access to memory location

2 in a system memory 1S made to an operating system.

1 7. The method of claim 3 wherein the information identifying at least one

2 physical memory address comprises a base address and a memory block size.

1 8. A graphics processor comprising:

2 a data interface for providing a request for access to memory locations in a system
3 memory and for recetving address information regarding memory locations in the system

4 memory, the address information including information identifying at least one physical memory
5  address;
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2 processing unit. 1 5. The nmethod of claim3 wherein the graphics processor
is included on an 2 integrated graphics processor. 1 6. The nethod of claim
3 wherein the request for access to nenory location 2 in a systemnenory is
made to an operating system 1 7. The nethod of claim3 wherein the
information identifying at | east one 2 physical nenory address conprises a
base address and a nenory bl ock size. 1 8. A graphics processor conprising:
2 a data interface for providing a request for access to nenory |locations in
a system 3 nenory and for receiving address information regardi ng nenory
| ocat bons in the systdhmednimdlepfoy writing agdede-table dnfriy sprraspooding fretha ghygceal
inforgath&gnudg&hi&yagg at | east one physical nenory 5 address; 18 6 a
cache ‘conttolt &rfor witing a page-table entry corresponding to the
physi gal 7 nenoryaastte éssstorapdhSpagcassthentfygr storing the page-table entry,
9 wherein the addrezs inforpation is received(ﬁnd Ehe paq;-table entry is
stored in 10 the ¥HEKE WF AHEEE HATRAIRY 1§ Greedadribe mesdalpeerigsiorad @ The
gr aphipcs (R QeRSHAhoRfvafiliRi iR Bcdhehflsio bhigrdata interface also provides 2 a
request to store the page-table entry in the systemnenory. 1 1Q [he
graphi cs processor of claim8 wherein the data interface provides a 2
requedt for access9to nEhoggphiecripéassns of alagn § ydeeam Heetaynfegh¢coiapoaidey st em
power - up. i essor. of cl ai wherein the cache
contr%lIé?éw%%%glgﬁagé§8$6%5¥?éﬁ§ﬁﬂégsEﬁﬁﬁnﬁgﬁ}itable entry is stored 1 12.
The graphi cs processor of claim8 wherein the cache controller restricts 2
accesd to the | ocat.on hWhegmeplhiteprotassarall clachl 8 egsramthetdae ipleptstccabvidekds ess
are s%ored 1 . The gra hi cs processor of clajq]ﬁ wherein the data
i nt er Pac & BHdDE 1°°F% {GMCBOPCPEORY By d HEETITTRYUYLOTAMVIPE 2 SYHEM PU PR s
processor ofclaim8 wherein the graphics processor is a

1 1. The graphics processor of claim 8 wherein the cache controller locks the

2 location where the page-table entry is stored.

1 12. The graphics processor of claim 8 wherein the cache controller restricts

2 access to the location where the virtual address and the physical address are stored.

1 13. The graphics processor of claim 8 wherein the data interface circuit is a

2 PCIE interface circuit.

1 14. The graphics processor of claim 8 wherein the graphics processor is a

2 graphics processing unit.

1 15.  The graphics processor of claim 8 wherein the graphics processor is

2 included on an integrated graphics processor.

1 16. A method of retrieving data using a graphics processor comprising:

2 receiving a base address and range for a block of memory in a system memory;
3 storing the base address and range;

4 receiving a first address;

5 determining if the first address is in the range, and 1f it is,

6 translating the first address to a second address by adding the base address to the
7 first address, else

8 reading a page-table entry from a cache; and
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2 graphics processing unit. 1 15. The graphics processor of claim38 wherein
the graphics processor is 2 included on an integrated graphics processor 1
16. A method of retrieving data using a graphics processor conprising: 2
receiving a base address and range for a block of nmenory in a system nenory;
3 storing the base address and range; 4 receiving a first address; 5
determning if the first address is in the range, and if it is, 6
translating the first address to a second address by addi ng the base address
tothe 7 first address, else 8 reading a page-table entry froma cache; and
19 9 Pransl ating tWensfating theduelraddeess © ascewdodreativesidic pagaigblelsatrpage- t abl e
entry 1 17. The nmethod of claim 16 further conprising, before reading a
page-table 2 entry,fr : i ] - l. t L1 e
Cache wi thout v t1ig. oy Ao SEpRaan el PR AL IS gt et
further eonpfromitngsacheorieg tlegoigagabde pagen tlatblach@waindut yaftmgrfot heacbaoiss,
determning if the page table is stored in the cache, and if it is not,
reading 3 the pages;table entr Lom stemnemory. 1 19.  The hod of
o 36 wher el - ohs o DLt SRR IR BUR ERATRENSors eahihe AU TRIEOY )
20. The eRiR6mahe €ché, Meikfniviigrieibe pafetablcaphibed iPtheeedrosind if itihedtudeding@n an

2 integrated graPhics processor. 20
37 the page-table entry from the system memory.

1 19. The method of claim 16 wherein the graphics processor is a graphics

2 processing unit.

1 20. The method of claim 16 wherein the graphics processor is included on an

2 integrated graphics processor.
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