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(57) ABSTRACT 

Amodular architecture for storing, addressing and retrieving 
graphics data from main memory instead of expensive local 

frame buffer memory. A graphic address remapping table 

(GART), de?ned in softWare, is used to remap virtual 
addresses falling Within a selected range, the GART range, 

to non-contiguous pages in main memory. Virtual address 

not Within the selected range are passed Without modi?ca 

tion. The GART includes page table entries (PTEs) having 
translation information to remap virtual addresses falling 

Within the GART range to their corresponding physical 

addresses. The GART PTEs are of con?gurable length 

enabling optimization of GART siZe and the use of feature 

bits, such as status indicators, de?ned by softWare. The 

GART is implemented during system boot up by con?gu 
ration registers. Similarly, the PTEs are con?gured using 
mask registers. The GART may be used in conjunction With 

a translation lookaside buffer (TLB) to improve address 

remapping performance. 
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APPARATUS FOR GRAPHIC ADDRESS 
REMAPPING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a division of, and incorporates by reference 
in its entirety, US. application Ser. No. 08/882,054, titled 
“Apparatus for Graphic Address Remapping”, ?led Jun. 25, 
1997. This application is related to, and incorporates by 
reference in their entirety, US. Pat. No. 6,069,638, ?led Jun. 
25, 1997, titled “System for Accelerated Graphics Port 
Address Remapping Interface to Main Memory”, U.S. appli 
cation Ser. No. 08/882,327, ?led Jun. 25, 1997, titled 
“Method for Accelerated Graphics Port Address Remapping 
Interface to Main Memory”, US. application Ser. No. 
09/723,403, ?led Nov. 27, 1997, titled “Method for Imple 
menting an Accelerated Graphics Port for a Multiple 
Memory Controller Computer System”, and US. applica 
tion Ser. No. 09/000,511, ?led Dec. 12, 1997, titled “Accel 
erated Graphics Port for Multiple Memory Controller Com 
puter Systems”. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to computer systems, 
and more particularly, to an apparatus for mapping virtual 
addresses to physical addresses in graphics applications. 

[0004] 2. Description of the Related Technology 

[0005] As shoWn in FIG. 1, a conventional computer 
system architecture 100 includes a processor 102, system 
logic 104, main memory 106, a system bus 108, a graphics 
accelerator 110 communicating With a local frame buffer 112 
and a plurality of peripherals 114. The processor 102 com 
municates With main memory 106 through a memory man 
agement unit (MMU) in the system logic 104. Peripherals 
114 and the graphics accelerator 110 communicate With 
main memory 106 and system logic 104 through the system 
bus 108. The standard system bus 108 is currently the 
Peripherals Connection Interface (PCI). The original per 
sonal computer bus, the Industry Standard Architecture 
(ISA), is capable of a peak data transfer rate of 8 megabytes/ 
sec and is still used for loW-bandWidth peripherals, such as 
audio. On the other hand, PCI supports multiple peripheral 
components and add-in cards at a peak bandWidth of 132 
megabytes/sec. Thus, PCI is capable of supporting full 
motion video playback at 30 frames/sec, true color high 
resolution graphics and 100 megabits/sec Ethernet local area 
netWorks. HoWever, the emergence of high-bandWidth 
applications, such as three dimensional (3D) graphics appli 
cations, threatens to overload the PCI bus. 

[0006] For example, a 3D graphics image is formed by 
taking a tWo dimensional image and applying, or mapping, 
it as a surface onto a 3D object. The major kinds of maps 
include texture maps, Which deal With colors and textures, 
bump maps, Which deal With physical surfaces, re?ection 
maps, refraction maps and chrome maps. Moreover, to add 
realism to a scene, 3D graphics accelerators often employ a 
Z-buffer for hidden line removal and for depth queuing, 
Wherein an intensity value is used to modify the brightness 
of a pixel as a function of distance. A Z-buffer memory can 
be as large or larger than the memory needed to store tWo 
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dimensional images. The graphics accelerator 110 retrieves 
and manipulates image data from the local frame buffer 112, 
Which is a type of expensive high performance memory. For 
example, to transfer an average 3D scene (polygon overlap 
of three) in 16-bit color at 30 frames/sec at 75 HZ screen 
refresh, estimated bandWidths of 370 megabytes/sec to 840 
megabytes/sec are needed for screen resolutions from 640x 
480 resolution (VGA) to 1024x768 resolution (XGA). Thus, 
rendering of 3D graphics on a display requires a large 
amount of bandWidth betWeen the graphics accelerator 110 
and the local frame buffer 112, Where 3D texture maps and 
Z-buffer data typically reside. 

[0007] In addition, many computer systems use virtual 
memory systems to permit the processor 102 to address 
more memory than is physically present in the main memory 
106. A virtual memory system alloWs addressing of very 
large amounts of memory as though all of that memory Were 
a part of the main memory of the computer system. Avirtual 
memory system alloWs this even though actual main 
memory may consist of some substantially lesser amount of 
storage space than is addressable. For example, main 
memory may include sixteen megabytes (16,777,216 bytes) 
of random access memory While a virtual memory address 
ing system permits the addressing of four gigabytes (4,294, 
967,296 bytes) of memory. 

[0008] Virtual memory systems provide this capability 
using a memory management unit (MMU) to translate 
virtual memory addresses into their corresponding physical 
memory addresses, Where the desired information actually 
resides. A particular physical address holding desired infor 
mation may reside in main memory or in mass storage, such 
as a tape drive or hard disk. If the physical address of the 
information is in main memory, the information is readily 
accessed and utiliZed. OtherWise, the information referenced 
by the physical address is in mass storage and the system 
transfers this information (usually in a block referred to as 
a page) to main memory for subsequent use. This transfer 
may require the sWapping of other information out of main 
memory into mass storage in order to make room for the neW 
information. If so, the MMU controls the sWapping of 
information to mass storage. 

[0009] Pages are the usual mechanism used for addressing 
information in a virtual memory system. Pages are num 
bered, and both physical and virtual addresses often include 
a page number and an offset into the page. Moreover, the 
physical offset and the virtual offset are typically the same. 
In order to translate betWeen the virtual and physical 
addresses, a basic virtual memory system creates a series of 
lookup tables, called page tables, stored in main memory. 
These page tables store the virtual address page numbers 
used by the computer. Stored With each virtual address page 
number is the corresponding physical address page number 
Which must be accessed to obtain the information. Often, the 
page tables are so large that they are paged themselves. The 
page number of any virtual address presented to the memory 
management unit is compared to the values stored in these 
tables in order to ?nd a matching virtual address page 
number for use in retrieving the corresponding physical 
address page number. 

[0010] There are often several levels of tables, and the 
comparison uses a substantial amount of system clock time. 
For example, to retrieve a physical page address using 
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lookup tables stored in main memory, the typical MMU ?rst 
looks to a register for the address of a base table Which stores 
pointers to other levels of tables. The MMU retrieves this 
pointer from the base table and places it in another register. 
The MMU then uses this pointer to go to the next level of 
table. This process continues until the physical page address 
of the information sought is recovered. When the physical 
address is recovered, it is combined With the offset furnished 
as a part of the virtual address and the processor uses the 
result to access the particular information desired. Comple 
tion of a typical lookup in the page tables may take from ten 
to ?fteen clock cycles at each level of the search. 

[0011] To overcome this delay, virtual management sys 
tems often include cache memories called translation look 
aside buffers (TLBs). A TLB is essentially a buffer for 
caching recently translated virtual page addresses along With 
their corresponding physical page addresses. Such an 
address cache Works on the same principle as do caches 
holding data and instructions, the most recently used 
addresses are more likely to be used than are other 
addresses. Thus, if a subsequent virtual address refers to the 
same page as the last one, the page table lookup process is 
skipped to save time. A TLB entry is like a cache entry 
Wherein a tag portion includes portions of the virtual address 
and the data portion includes a physical page frame number, 
protections ?elds, use bits and status bits. When provided 
With a virtual page address stored in the TLB (a translation 
hit), the TLB furnishes a physical page address for the 
information Without having to consult any page lookup 
tables. When the processor requests a virtual page address 
not stored in the TLB (a translation miss), the MMU must 
then consult the page lookup tables. When this occurs, the 
physical page address recovered is stored along With the 
virtual page address in the TLB so that it is immediately 
available for subsequent use. This saves a substantial 
amount of time on the next use of the information. For 
example, accessing the information using a TLB may 
require only one or tWo clock cycles compared to the 
hundreds of clock cycles required for a page table lookup. 

[0012] Virtual memory systems are common in the art. For 
example, in US. Pat. No. 5,446,854, Khalidi et al. disclose 
a method and apparatus for virtual to physical address 
translation using hashing. Similarly, CraWford et al. disclose 
a microprocessor architecture having segmentation mecha 
nisms for translating virtual addresses to physical addresses 
in US. Pat. No. 5,321,836. Lastly, in US. Pat. Nos. 5,491, 
806 and 5,546,555, Horstmann, et al. disclose an optimiZed 
translation lookaside buffer for use in a virtual memory 
system. 

[0013] As shoWn in FIG. 1, moving 3D graphics data to 
the main memory 106 in current computer systems Would 
require the graphics accelerator 110 to access the 3D graph 
ics data through the PCI system bus 108. Thus, although 
Bechtolsheim discloses a data bus enabling virtual memory 
data transfers in US. Pat. Nos. 4,937,734 and 5,121,487, 3D 
rendering exceeds the peak PCI bandWidth of 132 mega 
bytes/sec because a bandWidth of at least 370 megabytes/sec 
is needed for data transfer from main memory 106. More 
over, the graphics accelerator 110 often requires storage of 
graphics data into large contiguous blocks of memory. For 
example, a 16-bit 256><256 pixel texture map for 3D graph 
ics applications requires a memory block having a siZe of 
128K bytes. HoWever, operating system softWare, such as 
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Microsoft®, WindoWs®, Windows@ 95 and WindoWs 
NT®, and the system logic 104 often allocate main memory 
in page frames having smaller siZes, such as 4K. In US. Pat. 
No. 5,465,337, Kong discloses a memory management unit 
capable of handling virtual address translations for multiple 
page siZes. HoWever, this does not address the bandWidth 
limitations of the PCI bus discussed above. In order to move 
3D graphics data from the local frame buffer 112 to main 
memory 106, computer systems require an improved 
method for storing and addressing graphics data in main 
memory. 

[0014] In US. Pat. No. 5,313,577, Meinerth et al. dis 
closes a graphics processor capable of reading from, and 
Writing to, virtual memory. This graphics processor can be 
described by reference to FIG. 2, Which illustrates a graph 
ics/memory control unit 120 including a graphics processor 
unit 122 that communicates With a memory control unit 124. 
The graphics/memory control unit 120 in turn communicates 
With the main memory 106 and the frame buffer 112 through 
a dedicated memory bus 126. The graphics processor unit 
122 includes an address generator and a virtual translation 
unit to provide for translation of virtual addresses to physical 
addresses When accessing the main memory 106 and the 
frame buffer 112. In addition, the memory control unit 124 
communicates With a processor 102 through a dedicated 
system bus 128, With an I/O device 114 through a dedicated 
I/O bus 130 and With computer netWorks through a dedi 
cated netWork bus 132. In contrast to the structure of FIG. 
1, the use of dedicated buses for communication With the 
main memory 106, I/O devices 114 and computer netWorks 
substantially increases system cost and decreases the Hex 
ibility With Which a computer system can be upgraded. For 
example, to upgrade the graphics capability of a computer 
system having the structure as illustrated in FIG. 1, one 
simply connects a more poWerful graphics adapter to the 
PCI bus 108 (FIG. 1). HoWever, upgrading the graphics 
capability of a computer system having the structure of FIG. 
2 requires replacement of the memory control unit 124 as 
Well as the graphics processor unit 122. Similarly, the 
structure of FIG. 2 is not compatible With the vast majority 
of available PCI enhancement devices. Moreover, the struc 
ture of FIG. 2 also requires the graphics processor unit 122 
to access 3D graphics data through a memory bus 126. 

[0015] In vieW of the limitations discussed above, com 
puter manufacturers require a modular architecture that 
reduces the cost of system upgrades, such as enhanced 3D 
graphics adapters, to improve display performance. Simi 
larly, to reduce system memory costs, computer manufac 
turers require improved methods for storing, addressing and 
retrieving graphics data from main memory instead of 
expensive local frame buffer memory. Moreover, to address 
the needs of high bandWidth graphics applications Without 
substantial increases in system cost, computer manufactur 
ers require improved technology to overcome current system 
bus bandWidth limitations. 

SUMMARY OF THE INVENTION 

[0016] One embodiment aspect of the invention includes a 
graphics address remapping table (GART), the GART stored 
in memory, comprising at least one page table entry (PTE) 
providing information for translation of a virtual address to 
a physical address, Wherein the virtual address includes a 
?rst portion and a second portion, the ?rst portion being used 
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to locate a PTE in the GART corresponding to the virtual 
address and Wherein the second portion and the information 
provided by the PTE are combined to provide the physical 
address. 

[0017] Another embodiment aspect of the invention 
includes a page table entry for a graphics address remapping 
table stored in memory comprising a physical page transla 
tion ?eld having translation information and a feature bits 
?eld having at least one indicator de?ning an attribute of the 
physical page translation ?eld. 

[0018] Yet another embodiment aspect of the invention 
includes a translation lookaside buffer (TLB) in a memory, 
the TLB receiving a portion of a virtual address selected 
from a graphics address remapping range, comprising at 
least one TLB entry, Wherein each of the at least one TLB 
entries includes a virtual page ?eld and a corresponding 
physical page ?eld, Wherein if the portion of the virtual 
address matches the virtual page ?eld of one TLB entry, the 
TLB provides translation information from the physical 
page ?eld of the one TLB entry to form a physical address. 

[0019] Yet another embodiment aspect of the invention 
includes an apparatus for graphic address remapping of a 
virtual address comprising a graphics address remapping 
table (GART) stored in memory and having information 
Which is used to translate the virtual address to a physical 
address and a translation lookaside buffer (TLB) receiving a 
portion of the virtual address, the TLB having at least one 
TLB entry, Wherein each of the at least one TLB entries 
includes a virtual page ?eld and a corresponding physical 
page ?eld, Wherein if the portion of the virtual address 
matches the virtual page ?eld of one TLB entry, the TLB 
provides translation information from the physical page ?eld 
of the one TLB entry to form the physical address and 
Wherein if the portion of the virtual address does not match 
the virtual page ?eld of one TLB entry, the GART provides 
translation information referenced by the portion of the 
virtual address to form the physical address. 

[0020] Lastly, yet another embodiment aspect of the 
present invention includes an apparatus for graphic address 
remapping of a virtual address comprising an interface and 
a translation lookaside buffer (TLB) in communication With 
the interface, the TLB having at least one TLB entry 
including information Which is used to translate the virtual 
address to a physical address, Wherein the interface receives 
a portion of the virtual address and provides access to a TLB 
entry corresponding to the portion of the virtual address. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 is a block diagram illustrating the architec 
ture of a prior art computer system. 

[0022] FIG. 2 is a block diagram illustrating the architec 
ture of another prior art computer system. 

[0023] FIG. 3 is a block diagram illustrating the architec 
ture of a computer system of one embodiment of the present 
invention. 

[0024] FIG. 4 is a diagram illustrating the address space 
of a processor of one embodiment of the present invention. 

[0025] FIG. 5a is a diagram illustrating the translation of 
a virtual address to a physical address of one embodiment of 
the present invention. 
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[0026] FIG. 5b is a diagram illustrating a page table entry 
(PTE) of the graphic address remapping table (GART) of 
one embodiment of the present invention. 

[0027] FIG. 6a is a diagram illustrating the generation of 
a translation look aside buffer (TLB) entry of one embodi 
ment of the present invention. 

[0028] FIG. 6b is a block diagram illustrating one 
embodiment of an interface for the direct access of a 
translation look aside buffer (TLB) of one embodiment of 
the present invention. 

[0029] FIG. 7 is a diagram illustrating the translation of a 
virtual address to a physical address using the TLB of one 
embodiment of the present invention. 

[0030] FIG. 8 is a ?oWchart illustrating the method of 
processing an AGP request of the present invention. 

[0031] FIG. 9 is a ?oWchart illustrating the method of 
updating a least recently used (LRU) counter of one embodi 
ment of the present invention. 

[0032] FIG. 10 is a ?oWchart illustrating the method of 
selecting a slot to store a TLB entry of one embodiment of 
the present invention. 

[0033] FIG. 11 is a ?oWchart illustrating the method of 
fetching a page table entry (PTE) of one embodiment of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0034] In contrast to the conventional computer system 
architecture 100 (FIG. 1), embodiments of the present 
invention enables relocation of a portion of the 3D graphics 
data, such as the texture data, from the local frame buffer 112 
(FIG. 1) to main memory 106 (FIG. 1) to reduce the siZe, 
and thus the cost, of the local frame buffer 112 and to 
improve system performance. For example, as texture data 
is generally read only, moving it to main memory 106 does 
not cause coherency or data consistency problems. Simi 
larly, as texture data is loaded from mass storage into main 
memory 106, leaving it in main memory 106 instead of 
copying it to the local frame buffer 112 reduces overhead. 
Moreover, as the complexity and quality of 3D images has 
increased, leaving 3D graphics data in the local frame buffer 
112 has served to increase the computer system cost over 
time. Thus, although moving 3D graphics data to main 
memory 106 may likeWise require an increase in the siZe of 
the main memory 106, the architecture of the present inven 
tion reduces the total system cost because it is less expensive 
to increase main memory 106 than to increase local frame 
buffer memory 112. 

[0035] Referring noW to FIG. 3, the computer system 
architecture 150 of one embodiment of the present invention 
includes a processor 152, system logic 154, main memory 
156, a system bus 158, a graphics accelerator 160 commu 
nicating With a local frame buffer 162 and a plurality of 
peripherals 164. The processor 152 communicates With the 
main memory 156 through a memory management unit 
(MMU) in the system logic 154. Peripherals 114 commu 
nicate With the main memory 156 and system logic 154 
through the system bus 158. Note hoWever that the graphics 
accelerator 160 communicates With the system logic 154 and 
main memory 156 through an accelerated graphics port 
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(AGP) 166. AGP 166 is not a bus, but a point-to-point 
connection between an AGP compliant target, the MMU 
portion of the system logic 154, and an AGP-compliant 
master, the graphics accelerator 160. The AGP 166 point 
to-point connection enables data transfer on both the rising 
and falling clock edges, improves data integrity, simpli?es 
AGP protocols and eliminates bus arbitration overhead. 
AGP provides a protocol enhancement enabling pipelining 
for read and Write accesses to main memory 156. 

[0036] For example, the graphics accelerator 160 initiates 
a pipelined transaction With an access request. System logic 
154 responds to the request by initiating the corresponding 
data transfer at a later time. The graphics accelerator 160 can 
then issue its next pipelined transaction While Waiting for the 
previous data to return. This overlap results in several read 
or Write requests being active at any point in time. In one 
embodiment, the AGP 166 operates With a 66 MHZ clock 
using 3.3 volt signaling. As data transfers can occur on both 
clock edges, the AGP 166 enables an effective 133 MHZ data 
transfer rate and can reach a peak bandWidth of 533 mega 
bytes/sec. For detailed information on the AGP 166, consult 
the Accelerated Graphics Port Interface Speci?cation, Revi 
sion 1.0, released by Intel Corporation and available from 
Intel in Adobe11 Acrobat11 format on the World Wide Web at 
the URL: developer.intel.com/pc-supp/platform/agfxport/ 
agp10pdf. This document is hereby incorporated by refer 
ence. 

[0037] As noted above, the embodiment of FIG. 3 enables 
the graphics accelerator 160 to access both main memory 
156 and the local frame buffer 162. From the perspective of 
the graphics accelerator 160, the main memory 156 and the 
local frame buffer 162 are logically equivalent. Thus, to 
optimiZe system performance, graphics data may be stored 
in either the main memory 156 or the local frame buffer 162. 
In contrast to the direct memory access (DMA) model Where 
graphics data is copied from the main memory 156 into the 
local frame buffer 162 by a long sequential block transfer 
prior to use, the graphics accelerator 160 of the present 
invention can also use, or “execute,” graphics data directly 
from the memory in Which it resides (the “execute” model). 
HoWever, since the main memory 156 is dynamically allo 
cated in random pages of a selected siZe, such as 4K, the 
“execute” model requires an address mapping mechanism to 
map random pages into a single contiguous, physical 
address space needed by the graphics accelerator 160. 

[0038] FIG. 4 illustrates an embodiment of the address 
space 180 of the computer system 150 (FIG. 3) of the 
present invention. For example, a 32 bit processor 152 (FIG. 
3) has an address space 180 including 232 (or 4,294,967,296) 
different addresses. A computer system 150 (FIG. 3) typi 
cally uses different ranges of the address space 180 for 
different devices and system agents. In one embodiment, the 
address space 180 includes a local frame buffer range 182, 
a graphics address remapping table (GART) range 184 and 
a main memory range 186. In contrast to prior art systems, 
addresses falling Within the GART range 184 are remapped 
to non-contiguous pages Within the main memory range 186. 
All addresses not in the GART range 184 are passed through 
Without modi?cation so that they map directly to the main 
memory range 186 or to device speci?c ranges, such as the 
local frame buffer range 182. In one embodiment, the system 
logic 154 performs the address remapping using a memory 
based table, the GART, de?ned in softWare With an appli 
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cation program interface Moreover, the GART table 
format is abstracted to the API by a hardWare abstraction 
layer or a miniport driver provided by the system 
logic 154. Thus, by de?ning the GART in softWare, the 
present invention advantageously provides the substantial 
implementation ?exibility needed to address future parti 
tioning and remapping circuitry (hardWare) as Well as any 
current or future compatibility issues. 

[0039] FIG. 5a illustrates the translation of a virtual 
address 200 to a physical address 202 in one embodiment of 
the present invention. As discussed previously, in one 
embodiment, only those virtual addresses falling Within the 
GART range 184 (FIG. 4) are remapped to main memory 
186 (FIG. 4). A virtual address 200 includes a virtual page 
number ?eld 204 and an offset ?eld 206. Translation of the 
contents of the virtual page number ?eld 204 occurs by 
?nding a page table entry (PTE) corresponding to the virtual 
page number ?eld 204 among the plurality of GART PTEs 
208 in the GART table 210. To identify the appropriate PTE 
having the physical address translation, the GART base 
address 212 is combined at 213 With the contents of the 
virtual page number ?eld 204 to obtain a PTE address 214. 
The contents referenced by the PTE address 214 provide the 
physical page number 216 corresponding to the virtual page 
number 204. The physical page number 216 is then com 
bined at 217 With the contents of the offset ?eld 206 to form 
the physical address 202. The physical address 202 in turn 
references a location in main memory 218 having the 
desired information. 

[0040] The GART table 210 may include a plurality of 
PTEs 208 having a siZe corresponding to the memory page 
siZe used by the processor 152 (FIG. 3). For example, an 
Intel11 Pentium11 or Pentiuml1 Pro processor operates on 
memory pages having a siZe of 4K. Thus, a GART table 210 
adapted for use With these processors may include PTEs 
referencing 4K pages. In one embodiment, the virtual page 
number ?eld 204 comprises the upper 20 bits and the offset 
?eld 206 comprises the loWer 12 bits of a 32 bit virtual 
address 200. Thus, each page includes 212=4096 (4K) 
addresses and the loWer 12 bits of the offset ?eld 206 locate 
the desired information Within a page referenced by the 
upper 20 bits of the virtual page number ?eld 204. The 
GART table 210 preferably resides in the main memory 218. 
Memory refers generally to storage devices, such as regis 
ters, SRAM, DRAM, ?ash memory, magnetic storage 
devices, optical storage devices and other forms of volatile 
and non-volatile storage. 

[0041] FIG. 5b illustrates one possible format for a GART 
PTE 220. The GART PTE 220 includes a feature bits ?eld 
222 and a physical page translation (PPT) ?eld 224. In 
contrast to prior art systems Where hardWired circuitry 
de?nes a page table format, the GART table 210 (FIG. 5a) 
may include PTEs of con?gurable length enabling optimi 
Zation of table siZe and the use of feature bits de?ned by 
softWare. The length of the GART PTE 220 is 2PTESiZe bytes 
or 8*2PTESiZe bits. For example, for a PTESiZe=5, the GART 
PTE has a length of 32 bytes or 256 bits. The PPT ?eld 224 
includes PPTSiZe bits to generate a physical address 202 
(FIG. 5a). PPTSiZe de?nes the number of translatable 
addresses, and hence the GART table 210 (FIG. 5a) includes 
2PPTSiZe PTE entries. As PTESiZe de?nes the siZe of each 
GART PTE 220, the memory space needed for the entire 
GART table 210 (FIG. 5a) is 2(PTESiZHPPTSiZe) bytes. For 
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example, the GART table 210 in a system With a 4K (=212) 
memory page siZe and 32 megabytes (=225) of main memory 
218 (FIG. 5a) includes 225/212=213=8192 PTEs. Thus, 
only 13 bits are needed to de?ne 8192 unique PTEs to span 
the entire 32 megabytes of main memory 218 (FIG. 5a) and 
PPTSiZe=13. HoWever, to accommodate various softWare 
feature bits, each PTE may have a siZe of 8 bytes (=23 and 
PTESiZe=3). Thus, the siZe of the GART table 210 is 
2(PTESize+PPTSize)=2(3+13)=216:65536 

[0042] As noted above, the GART table 210 (FIG. 5a) 
may use 4K page boundaries. Thus, When (PTESiZe+PPT 
SiZe) is less than 12 bits (212=4096 bytes=4K), the entire 
GART table 210 (FIG. 5a) resides Within one 4K page. For 
values greater than 12, the GART table 210 (FIG. 5a) 
resides on multiple 4K pages. To maintain compatibility 
With the Intelr1 Pentiumr1 Pro processor caches, the GART 
base address 214 (FIG. 5a) may begin on a 2(PTESiZHPPTSiZe) 
byte boundary. Thus, a GART base address 214 (FIG. 5a) 
can not have a value Which aligns the GART table 210 (FIG. 
5a) on an address boundary less than the siZe of the GART 
table 210 (FIG. 5a). For eXample, an 8K GART table 210 
(FIG. 5a) must begin on a 8K boundary. 

[0043] In one embodiment, an initialiZation BIOS imple 
ments the GART table 210 (FIG. 5a) by loading con?gu 
ration registers in the system logic 154 (FIG. 3) during 
system boot up. In another embodiment, the operating 
system implements the GART table 210 (FIG. 5a) using an 
API to load the con?guration registers in the system logic 
154 (FIG. 3) during system boot up. The operating system 
then determines the physical location of the GART table 210 
(FIG. 5a) Within main memory 218 (FIG. 5a) by selecting 
the proper page boundary as described above (i.e., an 8K 
GART table begins on an 8K boundary). For eXample, the 
system loads con?guration registers holding the GART base 
address 214 (FIG. 5a) de?ning the beginning of the GART 
table 210 (FIG. 5a), PTESiZe de?ning the siZe of a GART 
PTE 220 and PPTSiZe de?ning the siZe of the physical 
address used to translate a virtual address. In addition, the 
system loads a con?guration register forAGPAperture, 
de?ning the loWest address of the GART range 184 (FIG. 4), 
and PhysBase, de?ning the remaining bits needed to trans 
late a virtual address not included in the PPTSiZe bits. 

[0044] For eXample, consider a system having 64 mega 
bytes of main memory 218 (FIG. 5a) encompassing physi 
cal addresses 0 through 0X03FFFFFF With the AGP related 
data occupying the upper 32 megabytes of main memory 
218 referenced by physical addresses 0x02000000 through 
0X03FFFFFF. If the GART Range 184 (FIG. 4) begins at the 
256 megabyte virtual address boundary 0x10000000, the 
invention enables translation of virtual addresses Within the 
GART Range 184 to physical addresses in the upper 32 
megabytes of main memory 218 corresponding to physical 
addresses in the range 0x02000000 through 0X3FFFFFF. As 
noted earlier, a GART table 210 includes multiple PTEs, 
each having physical page translation information 224 and 
softWare feature bits 222. The GART table 210 may be 
located at any physical address in the main memory 218, 
such as the 2 megabyte physical address 0x00200000. For a 
system having a 4K memory page siZe and a GART PTE 220 
of 8 byte length, the GART table 210 is con?gured as 
folloWs: 
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PhysBase :=O><O2000OOO —Start of remapped physical address 
PhysSiZe :=32 megabytes —Size of remapped physical addresses 

AGPAperture :=Ox1000OOOO —Start address of GART Range 
GARTBase :=O><OO2000OO —Start address of GART table 
2PTESiZe :=8 bytes —Size of each GART Page Table Entry 
PageSiZe :=4 kilobytes —Memory page size 

[0045] To determine the number of PTEs in the GART 
table 210, the siZe of the physical address space in main 
memory 218 allocated to AGP related data, the upper 32 
megabytes=33554432 bytes, is divided by the memory page 
sige, 4K=4096 bytes, to obtain 8192 PTEs. Note that 8192= 
2 =2PTESlZe and thus, PTESiZe=13. To implement the GART 
table 210, the con?guration registers are programmed With 
the folloWing values: 

PhysBase :=O><O2000OOO —Start of remapped physical address 
AGPAperture :=Ox1000OOOO —Start address of GART Range 
GARTBase :=O><OO2000OO —Start address of GART table 
PTESiZe :=3 —Size of each GART PTE 
PPTSiZe :=13 —Number of PPT bits in each PTE 

[0046] Lastly, the GART table 210 is initialiZed for sub 
sequent use. 

[0047] Using pseudo-VHDL code, system logic 154 (FIG. 
3) can quickly determine Whether a 32 bit AGP address 
(AGPAddr) requires translation from a virtual to physical 
address (PhysAddr) as folloWs: 

[0048] if ((AGPAddr(31 doWnto 12) and not (2PTSiZe 
-1))=AGPAperture (31 doWnto 12)) then 

[0049] Virtual=true; 
[0050] else 

[0051] Virtual=false; 
[0052] end if; 

[0053] When the address is virtual, then the PTE address 
214 (PTEAddr) is calculated as folloWs: 

[0054] PTEAddr<=((AGPAddr(31 doWnto 12) and 
(2(PPT$i-Ze)_1)) _Sh1 ZPTESiR) or (GARTBase and not 
(2(PTES1ze+PPTS1ze)—1))); 

[0055] Note that the “shl” function indicates a left shift 
With Zero ?ll, Which can be implemented in hardWare using 
a multiplexer. Lastly, to determine the physical address 202 
(PhysAddr) When PPTSiZe does not include suf?cient bits to 
remap the entire GART range 184 (FIG. 4), the physical 
page 216 is generated as folloWs: 

[0056] PhysAddr(31 doWnto 12)<=(PhysBase(31 
doWnto 12) and not (2PPTS1Ze—1)) or (PTE and (2PPT 

[0057] To obtain the physical address 202, the physical 
page 216, PhysAddr(31 doWnto 12), is then combined With 
the offset 206. Note that the pseudo-code above avoids the 
use of adders, Which impede system performance at high 
clock frequencies, in the virtual to physical address trans 
lation process. 
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[0058] To illustrate the use of the pseudo-code above, 
suppose an AGP master, such as the graphics accelerator 160 
(FIG. 3), presents the virtual address 0x0002030, Which 
corresponds to AGPAddr in the pseudo-code, to the system 
logic 154 (FIG. 3) for translation. To determine if 
AGPAddr=0x10002030 is appropriate for translation using 
the GART table con?gured above, the system logic 154 ?rst 
evaluates the if condition: 

[0059] ((AGPAddr(31 doWnto 12) and not (zPPTsize 
1))=AGPAperture (31 doWnto 12)) 

[0060] to determine if it is true or false. In addition, the 
expression (2PPTSiZe—1) indicates that the loWer PPTSiZe 
bits are set, Which is easily performed in hardWare. For the 
GART table 210 con?gured above, note that PPTSiZe=13, 
(2PPTSiZe—1)=0x01IFFF (hexadecimal) and AGPAperture= 
0x10000000. The notation (31 doWnto 12) indicates use of 
bit positions 12 through 31 of an address, Which is equiva 
lent to truncating the loWer 12 bits of a binary address or the 
loWer three values of a hexadecimal address. Thus, for 
AGPAddr=0x10002030 and AGPAperture=0x10000000, 
AGPAddr(31 doWnto 12)=0x10002 and AGPAperture(31 
doWnto 12)=0x10000. NoW, substitute the values for 
AGPAddr, AGPAperture and (2PPTSiZe—1) into the if condi 
tion: 

[0061] ((AGPAddr(31 doWnto 12) and not (2PPTSiZe— 
1))=AGPAperture (31 doWnto 12)) -or 

[0062] (0x10002 and not (0x01FFF))=0x10000 -or 

[0063] 0X10000=0X10000 

[0064] to calculate a result. Here, the result is true indi 
cating that AGPAddr=0x10002030 is a valid address for 
translation. Similarly, for the virtual address 0x11002030, 
the if condition produces this result: 0x11000=0x10000. As 
0x110000x10000, this result is false indicating that the 
virtual address 0x11002030 does not fall Within the GART 
range 184. If an AGP master presented the virtual address 
0x11002030, the system logic 154 reports an error. 

[0065] To determine the location of the PTE in the GART 
table 210 having the translation information for the virtual 
address AGPAddr=0x10002030, the expression: 

[0066] PTEAddr<=((AGPAddr(31 doWnto 12) and 

[0067] is evaluated. For the GART table 210 con?gured 
above, GARTBase=0x00200000, PPTSiZe=13, PTESiZe=3 
and (2(PTESiZHPPTSiZe)—1)=0x0FFFF. As noted above, 
(2PTSiZe—1)=0x01FFF and AGPAddr(31 doWnto 12)= 
0x10002. NoW, substitute the values into the equation for 
PTEAddress: 

[0068] PTEAddr<=((0x10002 and 0x01FFF) shl 3) 
or (0x00200000 and not (0x0FFFF)) -or 

[0069] PTEAddr<=(0x00002 shl 3) or (0x00200000) 
-or 

[0070] PTEAddr<=(0x00000010) or (0X00200000)= 
0x00200010. 

[0071] As each PTE occupies 8 bytes and the GART table 
210 begins at the GARTBase address=0x00200000, the 
calculated PTEAddress=0x00200010 corresponds to the 
third entry or PTE(2), 16 bytes aWay from the GARTBase 
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address. Suppose that the loWer 32 bits (or 4 bytes) of the 
value at PTE(2)=0x12345678. As shoWn in the embodiment 
of FIG. 5b, the loWer PPTSiZe=13 bits correspond to the 
PPT translation bits and the higher order bits are softWare 
feature bits 222. Of course, in another embodiment, the PPT 
translation information may comprise the higher order bits 
While the softWare feature bits 222 may comprise the loWer 
order bits. Moreover, the PPT translation information and 
the softWare feature bits 222 may be located at any of the bit 
positions Within a PTE 220. 

[0072] Lastly, to calculate the physical address corre 
sponding to the virtual address AGPAddr=0x10002030, the 
expression: 
[0073] PhysAddr(31 doWnto 12)<=(PhysBase(31 doWnto 
12) and not (2PTS1Ze—1)) or (PTE and (2PPTS1Ze—1))) 
[0074] is evaluated. For the GART table 210 con?gured 
above, PhysBase=0x02000000 and (2PTSiZe—1)=0x01FFF. 
Note also that PTE(2)=0x12345678. NoW, substitute the 
values into the equation for PhysAddr(31 doWnto 12): 

[0075] PhysAddr(31 doWnto 12)<=(0x02000 and not 
(0x01FFF)) or (0x12345678 and 0x01FFF)) -or 

[0076] PhysAddr(31 doWnto 12)<=(0x02000) or 
(0x00001678)=0x03678. Note that the o?'set 206 
corresponds to the lower 12 bits of the virtual 
address 0x10002030 or AGPAddr(11 doWnto 
0)=030. Thus, to obtain the physical address 206, the 
physical page 216 is combined With the offset 206 to 
form PhysAddr(31 doWnto 0) or 0x03678030. To 
summariZe, the pseudo-code of the embodiment 
described above illustrates the translation of the 
virtual address 0x10002030 to the physical address 
0x03678030. 

[0077] Moreover, the feature bits ?eld 222 provides status 
information for use in virtual to physical address transla 
tions. In contrast to prior art systems, the feature bits of one 
embodiment of the present invention provide substantial 
design ?exibility by enabling softWare to change the format 
of the GART table 210 (FIG. 5a) Without the need for a 
costly redesign of the hardWired circuitry. For example, 
during an address translation, the system may need to verify 
that the physical address corresponding to the virtual address 
still includes valid data. Similarly, the system may need to 
determine if a referenced physical address has been read or 
Written to. The contents of the feature bits ?eld 222 provide 
this functionality. In one embodiment, the feature bits ?eld 
222 includes indicators for PTE valid 226, page read 228 
and page Write 230. These indicators 226, 228, 230 may be 
located anyWhere Within the feature bits ?eld 222 and may 
be implemented using at least one bit. To implement an 
indicator, such as PTE valid 226, the present invention uses 
a mask register loaded during system boot up. Thus, for PTE 
valid 226, the ValidMask register is used to select the bit(s) 
to set in the feature bits ?eld 222 to indicate a valid PTE. 
Similarly, for page read 228, the ReadMask register is used 
to select the bit(s) to set When a translated address has been 
read. Furthermore, for a page Write 230, the WriteMask 
register is used to select the bit(s) to set When a translated 
address has been Written to. For example, if ValidMask is 
Zero, then no PTE Valid 226 indicator is de?ned. OtherWise, 
a PTE Valid 226 mask is de?ned and can be applied to a 
GART PTE 220 to determine if the physical address trans 
lation is valid. The folloWing VHDL pseudo-code imple 
ments this logic: 










