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(57) ABSTRACT 

A computer systemprovides dynamic memory allocation for 
graphics. The computer system includes a memory control 
ler, a uni?ed system memory, and memory clients each 
having access to the system memory via the memory con 
troller. Memory clients can include a graphics rendering 
engine, a CPU, an image processor, a data compression/ 
expansion device, an input/output device, a graphics back 
end device. The computer system provides read/Write access 
to the uni?ed system memory, through the memory control 
ler, for each of the memory clients. Translation hardWare is 
included for mapping virtual addresses of pixel buffers to 
physical memory locations in the uni?ed system memory. 
Pixel buffers are dynamically allocated as tiles of physically 
contiguous memory. Translation hardWare is implemented in 
each of the computational devices, Which are included as 
memory clients in the computer system, including primarily 
the rendering engine. 
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UNIFIED MEMORY ARCHITECTURE FOR USE IN 
COMPUTER SYSTEM 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to the ?eld of com 
puter systems. Speci?cally, the present invention relates to a 
computer system architecture including dynamic memory 
allocation of pixel buffers for graphics and image process 
mg. 

BACKGROUND OF THE INVENTION 

[0002] Typical prior art computer systems often rely on 
peripheral processors and dedicated peripheral memory 
units to perform various computational operations. For 
example, peripheral graphics display processors are used to 
render graphics images (synthesis) and peripheral image 
processors are used to perform image processing (analysis). 
In typical prior art computer systems, CPU main memory is 
separate from peripheral memory units Which can be dedi 
cated to graphics rendering or image processing or other 
computational functions. 

[0003] With reference to Prior Art FIG. 1, a prior art 
computer graphics system 100 is shoWn. The prior art 
computer graphics system 100 includes three separate 
memory units; a main memory 102, a dedicated graphics 
memory 104, and a dedicated image processing memory 
(image processor memory) 105. Main memory 102 provides 
fast access to data for a CPU 106 and an input/output device 
108. The CPU 106 and input/output device 108 are con 
nected to main memory 102 via a main memory controller 
110. Dedicated graphics memory 104 provides fast access to 
graphics data for a graphics processor 112 via a graphics 
memory controller 114. Dedicated image processor memory 
105 provides fast access to buffers of data used by an image 
processor 116 via an image processor memory controller 
118. In the prior art computer graphics system 100, CPU 106 
has read/Write access to main memory 102 but not to 
dedicated graphics memory 104 or dedicated image proces 
sor memory 105. Likewise, the image processor 116 has 
read/Write access to dedicated image processor memory 105, 
but not to main memory 102 or dedicated graphics memory 
104. Similarly, graphics processor 112 has read/Write access 
to dedicated graphics memory 104 but not to main memory 
102 or dedicated image processor memory 105. 

[0004] Certain computer system applications require that 
data, stored in main memory 102 or in one of the dedicated 
memory units 104, 105, be operated upon by a processor 
other than the processor Which has access to the memory 
unit in Which the desired data is stored. Whenever data 
stored in one particular memory unit is to be processed by 
a designated processor other than the processor Which has 
access to that particular memory unit, the data must be 
transferred to a memory unit for Which the designated 
processor has access. For example, certain image processing 
applications require that data, stored in main memory 102 or 
dedicated graphics memory 104, be processed by the image 
processor 116. Image processing is de?ned as any func 
tion(s) that apply to tWo dimensional blocks of pixels. These 
pixels may be in the format of ?le system images, ?elds, or 
frames of video entering the prior art computer system 100 
through video ports, mass storage devices such as CD 
ROMs, ?xed-disk subsystems and Local or Wide Area 
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netWork ports. In order to enable image processor 116 to 
access data stored in main memory 102 or in dedicated 
graphics memory 104, the data must be transferred or copied 
to dedicated image processor memory 105. 

[0005] One problem With the prior art computer graphics 
system 100 is the cost of high performance peripheral 
dedicated memory systems such as the dedicated graphics 
memory unit 104 and dedicated image processor memory 
105. Another problem With the prior art computer graphics 
system 100 is the cost of high performance interconnects for 
multiple memory systems. Another problem With the prior 
art computer graphics system 100 is that the above discussed 
transfers of data betWeen memory units require time and 
processing resources. 

[0006] Thus, What is needed is a computer system archi 
tecture With a single uni?ed memory system Which can be 
shared by multiple processors in the computer system With 
out transferring data betWeen multiple dedicated memory 
units. 

SUMMARY OF THE INVENTION 

[0007] The present invention pertains to a computer sys 
tem providing dynamic memory allocation for graphics. The 
computer system includes a memory controller, a uni?ed 
system memory, and memory clients each having access to 
the system memory via the memory controller. Memory 
clients can include a graphics rendering engine, a central 
processing unit (CPU), an image processor, a data compres 
sion/expansion device, an input/output device, and a graph 
ics back end device. In a preferred embodiment, the render 
ing engine and the memory controller are implemented on a 
?rst integrated circuit (?rst IC) and the image processor and 
the data compression/expansion are implemented on a sec 
ond IC. The computer system provides read/Write access to 
the uni?ed system memory, through the memory controller, 
for each of the memory clients. Translation hardWare is 
included for mapping virtual addresses of pixel buffers to 
physical memory locations in the uni?ed system memory. 
Pixel buffers are dynamically allocated as tiles of physically 
contiguous memory. Translation hardWare, for mapping the 
virtual addresses of pixel buffers to physical memory loca 
tions in the uni?ed system memory, is implemented in each 
of the computational devices Which are included as memory 
clients in the computer system. 

[0008] In a preferred embodiment, the uni?ed system 
memory is implemented using synchronous DRAM. Also in 
the preferred embodiment, tiles are comprised of 64 kilo 
bytes of physically contiguous memory arranged as 128 
roWs of 128 pixels Wherein each pixel is a 4 byte pixel. 
HoWever, the present invention is also Well suited to using 
tiles of other siZes. Also in the preferred embodiment, the 
dynamically allocated pixel buffers are comprised of n2 tiles 
Where n is an integer. 

[0009] The computer system of the present invention 
provides functional advantages for graphical display and 
image processing. There are no dedicated memory units in 
the computer system of the present invention aside from the 
uni?ed system memory. Therefore, it is not necessary to 
transfer data from one dedicated memory unit to another 
When a peripheral processor is called upon to process data 
generated by the CPU or by another peripheral device. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] The present invention is illustrated by Way of 
example, and not by Way of limitation, in the ?gures of the 
accompanying drawings and in Which like reference numer 
als refer to similar elements and in Which: 

[0011] Prior Art FIG. 1A is a circuit block diagram of a 
typical prior art computer system including peripheral pro 
cessors and associated dedicated memory units. 

[0012] FIG. 2A is a circuit block diagram of an exemplary 
uni?ed system memory computer architecture according to 
the present invention. 

[0013] FIG. 2B is an internal circuit block diagram of a 
graphics rendering and memory controller IC including a 
memory controller (MC)and a graphics rendering engine 
integrated therein. 

[0014] FIG. 3A is an illustration of an exemplary tile for 
dynamic allocation of pixel buffers according to the present 
invention. 

[0015] FIG. 3B is an illustration of an exemplary pixel 
buffer comprised of n2 tiles according to the present inven 
tion. 

[0016] FIG. 3C is a block diagram of an address transla 
tion scheme according to the present invention. 

[0017] FIG. 4 is a block diagram of a memory controller 
according to the present invention. 

[0018] FIG. 5 is a timing diagram for memory client 
requests issued to the uni?ed system memory according to 
the present invention. 

[0019] FIG. 6 is a timing diagram for memory client Write 
data according to the present invention. 

[0020] FIG. 7 is a timing diagram for memory client read 
data according to the present invention. 

[0021] FIG. 8 is a timing diagram for an exemplary Write 
to a neW page performed by the uni?ed system memory 
according to the present invention. 

[0022] FIG. 9 is a timing diagram for an exemplary read 
to a neW page performed by the uni?ed system memory 
according to the present invention. 

[0023] FIG. 10 shoWs external banks of the memory 
controller according to the present invention. 

[0024] FIG. 11 shoWs a How diagram for bank state 
machines according to the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] In the folloWing detailed description of the present 
invention, numerous speci?c details are set forth in order to 
provide a thorough understanding of the present invention. 
HoWever, it Will be obvious to one skilled in the art that the 
present invention may be practiced Without these speci?c 
details. In other instances Well knoWn methods, procedures, 
components, and circuits have not been described in detail 
as not to unnecessarily obscure aspects of the present 
invention. 

[0026] Reference Will noW be made in detail to the pre 
ferred embodiments of the present invention, a computer 
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system architecture having dynamic memory allocation for 
graphics, examples of Which are illustrated in the accompa 
nying draWings. While the invention Will be described in 
conjunction With the preferred embodiments, it Will be 
understood that they are not intended to limit the invention 
to these embodiments. On the contrary, the invention is 
intended to cover alternatives, modi?cations and equiva 
lents, Which may be included Within the spirit and scope of 
the invention as de?ned by the appended claims. Further 
more, in the folloWing detailed description of the present 
invention, numerous speci?c details are set forth in order to 
provide a thorough understanding of the present invention. 
HoWever, it Will be obvious to one of ordinary skill in the art 
that the present invention may be practiced Without these 
speci?c details. In other instances, Well knoWn methods, 
procedures, components, and circuits have not been 
described in detail as not to unnecessarily obscure aspects of 
the present invention. 

[0027] With reference to FIG. 2A, a computer system 
200, according to the present invention, is shoWn. Computer 
system 200 includes a uni?ed system memory 204 Which is 
shared by various memory system clients including a CPU 
206, a graphics rendering engine 208, an input/output IC 
210, a graphics back end IC 212, an image processor 214, 
and a memory controller 204. 

[0028] With reference to FIG. 2B, an exemplary computer 
system 201, according to the present invention, is shoWn. 
Computer system 201 includes the uni?ed system memory 
202 Which is shared by various memory system clients 
including the CPU 206, the input/output IC 210, the graphics 
back end IC 212, an image processing and compression and 
expansion IC 216, and a graphics rendering and memory 
controller IC 218. The image processing and compression 
and expansion IC 216 includes the image processor 214, and 
a data compression and expansion unit 215. GRMC IC 218 
includes the graphics rendering engine (rendering engine) 
208 and the memory controller 204 integrated therein. The 
graphics rendering and memory controller IC 218 is coupled 
to uni?ed system memory 202 via a high bandWidth memory 
data bus (HBWMD BUS) 225. In a preferred embodiment of 
the present invention, HBWMD BUS 225 includes a demul 
tiplexer (SD-MUX) 220, a ?rst BUS 222 coupled betWeen 
the graphics rendering and memory controller IC 218 and 
SD-MUX 220, and a second bus 224 coupled betWeen 
SD-MUX 220 and uni?ed system memory 202. In the 
preferred embodiment of the present invention, BUS 222 
includes 144 lines cycled at 133 MHZ and BUS 224 includes 
288 lines cycled at 66 MHZ. SD-MUX 220 demultiplexes 
the 144 lines of BUS 222, Which are cycled at 133 MHZ, to 
double the number of lines, 288, of BUS 224, Which are 
cycled at half the frequency, 66 MHZ. CPU 206 is coupled 
to the graphics rendering and memory controller IC 218 by 
a third bus 226. In the preferred embodiment of the present 
invention, BUS 226 is 64 bits Wide and carries signals 
cycled at 100 MHZ. The image processing and compression 
and expansion IC 216 is coupled to BUS 226, by a third bus 
228. In the preferred embodiment of the present invention, 
BUS 228 is 64 bits Wide and carries signals cycled at 100 
MHZ. The graphics back end IC 212 is coupled to the 
graphics rendering and memory controller IC 218 by a 
fourth bus 230. In the preferred embodiment of the present 
invention, BUS 230 is 64 bits Wide and carries signals 
cycled at 133 MHZ. The input/output IC 210 is coupled to 
the graphics rendering and memory controller IC 218 by a 
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?fth bus 232. In the preferred embodiment of the present 
invention, BUS 232 is 32 bits Wide and carries signals 
cycled at 133 MHZ. 

[0029] The input/output IC 210 of FIG. 2A contains all of 
the input/output interfaces including: keyboard & mouse, 
interval timers, serial, parallel, ic, audio, video in & out, and 
fast ethernet. The input/output IC 210 also contains an 
interface to an external 64-bit PCI expansion bus, BUS 231, 
that supports ?ve masters (tWo SCSI controllers and three 
expansion slots). 
[0030] With reference to FIG. 2B, an internal circuit block 
diagram is shoWn of the graphics rendering and memory 
controller IC 218 according to an embodiment of the present 
invention. As previously mentioned, rendering engine 208 
and memory controller 214 are integrated Within the graph 
ics rendering and memory controller IC 218. The graphics 
rendering and memory controller IC 218 also includes a 
CPU/IPCE interface 234, an input/output interface 236, and 
a GBE interface 232. 

[0031] With reference to FIGS. 2A and 2B, GBE interface 
232 buffers and transfers display data from uni?ed system 
memory 202 to the graphics back end IC 212 in 16x32-byte 
bursts. GBE interface 232 buffers and transfers video cap 
ture data from the graphics back end IC 212 to uni?ed 
system memory 202 in 16x32 -byte bursts. GBE interface 
232 issues GBE interrupts to CPU/IPCE interface 234. BUS 
228, shoWn in both FIG. 2A and FIG. 2B, couples GBE 
interface 232 to the graphics back end IC 212 (FIG. 2A). 
The input/output interface 236 buffers and transfers data 
from uni?ed system memory 202 to the input/output IC 210 
in 8x32-byte bursts. The input/output interface 236 buffers 
and transfers data from the input/output IC 210 to uni?ed 
system memory 202 in 8x32-byte bursts. The input/output 
interface 236 issues the input/output IC interrupts to CPU/ 
IBCE interface 234. BUS 230, shoWn in both FIG. 2A and 
FIG. 2B, couples the input/output interface 236 to the 
input/output IC 210 (FIG. 2A). A bus, BUS 224, provides 
coupling betWeen CPU/IPCE interface 234 and CPU 206 
and the image processing and compression and expansion IC 
216. 

[0032] With reference to FIG. 2A, the memory controller 
214 is the interface betWeen memory system clients (CPU 
206, rendering engine 208, input/output IC 210, graphics 
back end IC 212, image processor 214, and data compres 
sion/expansion device 215) and the uni?ed system memory 
202. As previously mentioned, the memory controller 214 is 
coupled to uni?ed system memory 202 via HBWMD BUS 
225 Which alloWs fast transfer of large amounts of data to 
and from uni?ed system memory 202. Memory clients make 
read and Write requests to uni?ed system memory 202 
through the memory controller 214. The memory controller 
214 converts requests into the appropriate control sequences 
and passes data betWeen memory clients and uni?ed system 
memory 202. In the preferred embodiment of the present 
invention, the memory controller 214 contains tWo pipeline 
structures, one for commands and another for data. The 
request pipe has three stages, arbitration, decode and issue/ 
state machine. The data pipe has only one stage, ECC. 
Requests and data How through the pipes in the folloWing 
manner. Clients place their requests in a queue. The arbi 
tration logic looks at all of the requests at the top of the client 
queues and decides Which request to start through the pipe. 
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From the arbitration stage, the request ?oWs to the decode 
stage. During the decode stage, information about the 
request is collected and passed onto an issue/state machine 
stage. 

[0033] With reference to FIG. 2A, the rendering engine 
208 is a 2-D and 3-D graphics coprocessor Which can 
accelerate rasteriZation. In a preferred embodiment of the 
present invention, the rendering engine 208 is also cycled at 
66 MHZ and operates synchronously to the uni?ed system 
memory 202. The rendering engine 208 receives rendering 
parameters from the CPU 206 and renders directly to frame 
buffers stored in the uni?ed system memory 202 (FIG. 2A). 
The rendering engine 208 issues memory access requests to 
the memory controller 214. Since the rendering engine 208 
shares the uni?ed system memory 202 With other memory 
clients, the performance of the rendering engine 208 Will 
vary as a function of the load on the uni?ed system memory 
202. The rendering engine 208 is logically partitioned into 
four major functional units: a host interface, a pixel pipeline, 
a memory transfer engine, and a memory request unit. The 
host interface controls reading and Writing from the host to 
programming interface registers. The pixel pipeline imple 
ments a rasteriZation and rendering pipeline to a frame 
buffer. The memory transfer engine performs memory band 
Width byte aligned clears and copies on both linear buffers 
and frame buffers. The memory request unit arbitrates 
betWeen requests from the pixel pipeline and queues up 
memory requests to be issued to the memory controller 214. 

[0034] The computer system 200 includes dynamic 
memory allocation of virtual pixel buffers in the uni?ed 
system memory 202. Pixel buffers include frame buffers, 
texture maps, video maps, image buffers, etc. Each pixel 
buffer can include multiple color buffers, a depth buffer, and 
a stencil buffer. In the present invention, pixel buffers are 
allocated in units of contiguous memory called tiles and 
address translation buffers are provided for dynamic alloca 
tion of pixel buffers. 

[0035] With reference to FIG. 3A, an illustration is shoWn 
of an exemplary tile 300 for dynamic allocation of pixel 
buffers according to the present invention. In a preferred 
embodiment of the present invention, each tile 300 includes 
64 kilobytes of physically contiguous memory. A 64 kilobyte 
tile siZe can be comprised of 128x128 pixels for 32 bit 
pixels, 256x128 pixels for 16 bit pixels, or 512x128 pixels 
for 8 bit pixels. In the present invention, tiles begin on 64 
kilobyte aligned addresses. An integer number of tiles can be 
allocated for each pixel buffer. For example, a 200x200 pixel 
buffer and a 256x256 pixel buffer Would both require four 
(128x128) pixel tiles. 
[0036] With reference to FIG. 3B, an illustration is shoWn 
of an exemplary pixel buffer 302 according to the present 
invention. In the computer system 200 of the present inven 
tion, translation hardWare maps virtual addresses of pixel 
buffers 302 to physical memory locations in uni?ed system 
memory 202. Each of the computational units of the com 
puter system 200 (image processing and compression and 
expansion IC, 212, graphics back end IC 212, The input/ 
output IC 210, and rendering engine 208) includes transla 
tion hardWare for mapping virtual addresses of pixel buffers 
302 to physical memory locations in uni?ed system memory 
202. Each pixel buffer 302 is partitioned into n2 tiles 300, 
Where n is an integer. In a preferred embodiment of the 
present invention, n=4. 
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[0037] The rendering engine 208 supports a frame buffer 
address translation buffer (TLB) to translate frame buffer 
(x,y) addresses into physical memory addresses. This TLB 
is loaded by CPU 206 With the base physical memory 
addresses of the tiles Which compose a color buffer and the 
stencil-depth buffer of a frame buffer. In a preferred embodi 
ment of the present invention, the frame buffer TLB has 
enough entries to hold the tile base physical memory 
addresses of a 2048x2048 pixel color buffer and a 2048>< 
2048 pixel stencil-depth buffer. Therefore, the TLB has 256 
entries for color buffer tiles and 256 entries for stencil-depth 
buffer tiles. 

[0038] Tiles provide a convenient unit for memory allo 
cation. By alloWing tiles to be scattered throughout memory, 
tiling makes the amount of memory Which must be contigu 
ously allocated manageable. Additionally, tiling provides a 
means of reducing the amount of system memory consumed 
by frame buffers. Rendering to tiles Which do not contain 
any pixels pertinent for display, invisible tiles, can be easily 
clipped out and hence no memory needs to be allocated for 
these tiles. For example, a 1024><1024 virtual frame buffer 
consisting of front and back RGBA buffers and a depth 
buffer Would consume 12 Mb of memory if fully resident. 
HoWever, if each 1024><1024 buffer Were partitioned into 64 
(128x128) tiles of Which only four tiles contained non 
occluded pixels, only memory for those visible tiles Would 
need to be allocated. In this case, only 3MB Would be 
consumed. 

[0039] In the present invention, memory system clients 
(e.g., CPU 206, rendering engine 208, input/output IC 210, 
graphics back end IC 212, image processor 214, and data 
compression/expansion device 215) share the uni?ed system 
memory 202. Since each memory system client has access 
to memory shared by each of the other memory system 
clients, there is no need for transferring data from one 
dedicated memory unit to another. For example, data can be 
received by the input/output IC 210, decompressed (or 
expanded) by the data compression/expansion device 215, 
and stored in the uni?ed system memory 202. This data can 
then be accessed by the CPU 206, the rendering engine 208, 
the input/output IC 210, the graphics back end IC 212, or the 
image processor 214. As a second example, the CPU 206, 
the rendering engine 208, the input/output IC 210, the 
graphics back end IC 212, or the image processor 214 can 
use data generated by the CPU 206, the rendering engine 
208, the input/output IC 210, the graphics back end IC 212, 
or the image processor 214. Each of the computational units 
(CPU 206, input/output IC 210, the graphics back end IC 
212, the image processing and compression and expansion 
IC 216, the graphics rendering and memory controller IC 
218, and the data compression/expansion device 215) has 
translation hardWare for determining the physical addresses 
of pixel buffers as is discussed beloW. 

[0040] There are numerous video applications for Which 
the present invention computer system 200 provides func 
tional advantages over prior art computer system architec 
tures. These applications range from video conferencing to 
video editing. There is signi?cant variation in the processing 
required for the various applications, but a feW processing 
steps are common to all applications: capture, ?ltering, 
scaling, compression, blending, and display. In operation of 
computer system 200, input/output IC 210 can bring in a 
compressed stream of video data Which can be stored into 
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uni?ed system memory 202. The input/output IC 210 can 
access the compressed data stored in uni?ed system memory 
220, via a path through the graphics rendering and memory 
controller IC 218. The input/output IC 210 can then decom 
press the accessed data and store the decompressed data into 
uni?ed system memory 202. The stored image data can then 
be used, for example, as a texture map by rendering engine 
208 for mapping the stored image onto another image. The 
resultant image can then be stored into a pixel buffer Which 
has been allocated dynamically in uni?ed system memory 
202. If the resultant image is stored into a frame buffer, 
allocated dynamically in uni?ed system memory 202, then 
the resultant image can be displayed by the graphics back 
end IC 212 or the image can be captured by Writing the 
image back to another pixel buffer Which has been allocated 
dynamically in uni?ed system memory 202. Since there is 
no necessity of transferring data from one dedicated memory 
unit to another in computer system 200, functionality is 
increased. 

[0041] In the preferred embodiment of the present inven 
tion, uni?ed system memory 202 of FIG. 2A is implemented 
using synchronous DRAM (SDRAM) accessed via a 256-bit 
Wide memory data bus cycled at 66 MHZ. A SDRAM is 
made up of roWs and columns of memory cells. A roW of 
memory cells is referred to as a page. A memory cell is 
accessed With a roW address and column address. When a 
roW is accessed, the entire roW is placed into latches, so that 
subsequent accesses to that roW only require the column 
address. Accesses to the same roW are referred to as page 

accesses. In a preferred embodiment of the present inven 
tion, uni?ed system memory 202 provides a peak data 
bandWidth of 2.133 Gb/s. Also, in a preferred embodiment 
of the present invention, uni?ed system memory 202 is made 
up of 8 slots. Each slot can hold one SDRAM DIMM. A 
SDRAM DIMM is constructed from 1M><16 or 4M><16 
SDRAM components and populated on the front only or the 
front and back side of the DIMM. TWo DIMMs are required 
to make an external SDRAM bank. 1M><16 SDRAM com 
ponents construct a 32 Mbyte external bank, While 4M><16 
SDRAM components construct a 128 Mbyte external bank. 
uni?ed system memory 202 can range in siZe from 32 
Mbytes to 1 Gbyte. 

[0042] FIG. 3C shoWs a block diagram of an address 
translation scheme according to the present invention. FIG. 
4 shoWs a block diagram of the memory controller 204 of the 
present invention. 

[0043] A memory client interface contains the signals 
listed in Table 1, beloW. 

TABLE 1 

Memory client interface signals 

CRIME # of 
Signal Pin Name Bits Dir. Description 

clientreq.cmd internal 3 in type of request — 
only 1 — read 

2 — Write 

4 — rmW 

clientreq.adr internal 25 in address of request 
only 

clientreq.msg internal 7 in message sent With request 
only 

clientreq.v internal 1 in 1 — valid 
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TABLE l-continued 

Memory client interface signals 

CRIME # of 
Signal Pin Name Bits Dir. Description 

only 0 — not valid 

clientreq.ecc internal 1 in 1 — ecc is valid 
only 0 — ecc not valid 

clientres.gnt internal 1 out 1 — room in client queue 
only 0 — no room 

clientres.Wrrdy internal 1 out 1 — MC is ready for Write data 
only 0 — MC not ready for Write 

data 
clientres.rdrdy internal 1 out 1 — valid read data 

only 0 — not valid read data 

clientres.oe internal 1 out 1 — enable client driver 

only 0 — disable client driver 
clientres.rdmsg internal 7 out read message sent With read 

only data 
clientres.Wrmsg internal 7 out Write message sent With Wrrdy 

only 
memdata2- internal 256 out memory data from client 
memiin only going to uni?ed system 

memory 
memmaskiin internal 32 in memory mask from client 

only going 
to uni?ed system memory 
0 — Write byte 

1 — don’t Write byte 

memmaskiin (O) is matched 
With memdata2memiin (7:0) 
and so on. 

memdata2- internal 256 out memory data from uni?ed 
clientiout only system memory going to the 

client 

[0044] With reference to FIG. 5, a timing diagram for 
memory client requests is shown. A memory client makes a 
request to the memory controller 204 by asserting clien 
treq.valid While setting the clientreqadr, clientreqmsg, cli 
entreqcmd and clientreqecc lines to the appropriate values. 
If there is room in the queue, the request is latched into the 
memory client queue. Only tWo of the memory clients, the 
rendering engine 208 and the input/output IC 210, use 
clientreqmsg. The message speci?es Which subsystem 
Within the input/output IC 210 or the rendering engine 208 
made the request. When an error occurs, this message is 
saved along With other pertinent information to aid in the 
debug process. For the rendering engine 208, the message is 
passed through the request pipe and returned With other 
pertinent information to aid in the debug process. For the 
rendering engine 208, the message is passed through the 
request pipe and returned With the clientreqWrrdy signal for 
a Write request or With the clientreqrdrdy signal for a read 
request. The rendering engine 208 uses the information 
contained in the message to determine Which rendering 
engine 208 queue to access. 

[0045] With reference to FIG. 6, a timing diagram for 
memory client Write data is shoWn. The data for a Write 
request is not latched With the address and request. Instead, 
the data, mask and message are latched When the memory 
controller 204 asserts the clientreqWrrdy indicating that the 
request has reached the decode stage of the request pipe. 
Because the memory client queues are in front of the request 
pipe, there is not a simple relationship between the assertion 
clientreqgnt and clientreq. Wrrdy. Clientreqmsg is only 
valid for the rendering engine 208 and the input/output IC 
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210. The memory controller 204 asserts the clientreqoe 
signal at least one cycle before the assertion of clientreqWr 
rdy. Clientreqoe is latched locally by the memory client and 
is used to turn on the memory client’s memory data bus 
drivers. 

[0046] With reference to FIG. 7, a timing diagram for 
memory client read data is shoWn. The read data is sent to 
the memory client over the memdata2client_out bus. When 
clientres.rdrdy is asserted, the data and message are valid. 

[0047] A memory client interface contains the signals 
listed in Table 2, beloW. 

TABLE 2 

Memory Interface Signals 

Crime Pin # of 
Signal Name Bits Dir. Description 

memWrite memidir 1 out controls direction of 
SDMUX chips 
default to Write 

memdata2- memidata 256 out memory data from 
memiout client going to uni?ed 

system memory 
memdata2- internal only 256 out memory data from 
clientiout main memory going to 

the memory client 
memmaskiout memimask 32 out memory mask from 

client going to uni?ed 
system memory 

memdataoe internal only 3 out enable memory data 
bus drivers 

ecciout memiecc 32 out ecc going to uni?ed 
system memory 

eccmask memieccmask 32 out ecc mask going to 
main memory 

memiaddr memiaddr 14 out memory address 
rasin memirasin 1 out roW address strobe 

casin memicasin 1 out column address strobe 
Wein memiWein 1 out Write enable 

csin memfcs(3:0)fn 8 out chip selects 

[0048] The data and mask are latched in the data pipe and 
How out to the uni?ed system memory 202 on memmask 
_out and memdata2mem_out. From the data and mask, the 
ECC and ECC mask are generated and sent to the uni?ed 
system memory 202 across eccmask and ecc_out. The 
memdataoe signal is used to turn on the memory bus drivers. 
Data and ECC from the uni?ed system memory 202 come in 
on the memdata2client_in and ecc_in busses. The ECC is 
used to determine if the incoming data is correct. If there is 
a one bit error in the data, the error is corrected, and the 
corrected data is sent to the memory client. If there is more 
than one bit in error, the CPU 206 is interrupted, and 
incorrect data is returned to the memory client. Ras_n, 
cas_n, We_n and cs_n are control signals for the uni?ed 
system memory 202. 

[0049] With reference to FIG. 8, a timing diagram is 
shoWn for an exemplary Write to a neW page performed by 
the uni?ed system memory 202. With reference to FIG. 9, 
a timing diagram is shoWn for an exemplary read to a neW 
page performed by the uni?ed system memory 202. A read 
or Write operation to the same SDRAM page is the same as 
the operation shoWn in FIGS. 8 and 9, except a same page 
operation does not need the precharge and activate cycles. 

[0050] Arequest pipe is the control center for the memory 
controller 204. Memory client requests are placed in one end 
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of the pipe and come out the other side as memory com 

mands. The memory client queues are at the front of the 

pipe, followed by the arbitration, then the decode, and ?nally 
the issue/state machine. If there is room in their queue, a 
memory client can place a request in it. The arbitration logic 
looks at all of the requests at the top of the memory client 
queues and decides Which request to start through the 
request pipe. From the arbitration stage, the request ?oWs to 
the decode stage. During the decode stage, information 
about the request is collected and passed onto the issue/state 
machine stage. Based on this information, a state machine 
determines the proper sequence of commands for the uni?ed 
system memory 202. The later portion of the issue stage 
decodes the state of the state machine into control signals 
that are latched and then sent across to the uni?ed system 

memory 202. A request can sit in the issue stage for more 
than one cycle. While a request sits in the issue/state 
machine stage, the rest of the request pipe is stalled. Each 
stage of the request pipe is discussed herein. 

[0051] All of the memory clients have queues, except for 
refresh. A refresh request is guaranteed to retire before 
another request is issued, so a queue is not necessary. The 
?ve memory client queues are simple tWo-port structures 
With the memory clients on the Write side and the arbitration 
logic on the read side. If there is space available in a memory 
client queue, indicated by the assertion of clientres.gnt, a 
memory client can place a request into its queue. A memory 
client request consists of an address, a command (read, Write 
or read-modify-Write), a message, an ECC valid and a 

request valid indication. If both clientreq.valid and clien 
tres.gnt are asserted, the request is latched into the memory 
client queue. If the pipeline is not stalled, the arbitration 
logic looks at all of the requests at the top of the memory 
client queues and determines Which request to pop off and 
pass to the decode stage of the requests at the top of the 
memory client queues and determines Which request to pop 
off and pass to the decode stage of the request pipe. 

[0052] Because there is a request queue betWeen the 
memory client and the arbiter, the clientres.gnt signal does 
not indicate that the request has retired. The request still 
needs to go through the arbitration process. To put it another 
Way, memory client A might receive the clientres.gnt signal 
before memory client B, but if memory client B has a higher 
priority, its request might retire before the request from 
memory client A. 

[0053] Arbiter 

[0054] As stated above, the arbiter determines Which 
memory client request to pass to the decode stage of the 
request pipe. This decision process has tWo steps. The ?rst 
step is to determine if the arbitration slot for the current 
memory client is over or not. An arbitration slot is series of 

requests from the same memory client. The number and type 
of requests alloWed in one arbitration slot varies. Table 3, 
beloW, lists What each memory client can do in an arbitration 
slot. 
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TABLE 3 

Requests allowed in an Arbitration Slot 

Client Possible Operations 

Graphics Back < = 16 memory Word read With no page crossings 
End < = 16 memory Word Write With no page crossings 
IPCE IC < = 8 memory Word read With 1 page crossings 

< = 8 memory Word Write With 1 page crossings 
1 read-modify-write operation 

rendering < = 8 memory Word read With no page crossings 
engine, CPU, < = 8 memory Word Write With no page crossings 
GRMC 1 read-modify-write operation 
REFRESH refresh 2 roWs 

[0055] Based on a state for the current arbitration slot and 
the next request from the current slot oWner, the arbiter 
determines if the arbitration slot should end or not. If not, the 
request from the memory client Who oWns the current 
arbitration slot is passed to the decode stage. If the current 
arbitration slot is terminated, the arbiter uses the results from 
an arbitration algorithm to decide Which request to pass to 
the decode stage. The arbitration algorithm to decide Which 
request to pass to the decode stage. The arbitration algorithm 
ensures that the graphics back end IC 212 gets 1/2 of the 
arbitration slots, the input/output IC 210 gets 1A, the image 
processing and compression and expansion IC 216 gets 1/8, 
the rendering engine 208 gets 1/16, the CPU 206 gets 1/32, and 
the refresh gets 1/64. 

[0056] Predicting the average bandWidth for each memory 
client is dif?cult, but the Worst-case slot frequency per 
memory client can be calculated. The ?rst step is to deter 
mine the maximum number of cycles that each memory 
client can use during an arbitration slot. Table 4, beloW, 
shoWs the number of cycles associated With each type of 
operation. With reference to Table 4, beloW, “P” refers to 
precharge, “X” refers to a dead cycle, “A” refers to activate, 
“R0” refers to “read Word 0”, “W0” refers to “Write Word 0”, 
and “Ref” refers to “refresh”. 

TABLE 4 

Maximum Cycles for a Memory Operation 

Operation Command Sequence # of Cycles 

8 Word Read P X A X R0 R1 R2 R3 R4 R5 R6 R7 12 
8 Word Write P X A X W0 W1 W2 W3 W4 W5 12 

W6 W7 
Read-Modify-Write P X AX R0 X X X X X X W0 12 
8Word Vice Read PXAX ROXXPXAX R1 R2 R3 18 
With page crossing R4 R5 R6 R7 
2RoWRefresh PXRefXXXXXRefXXXXX14 

[0057] Table 5, beloW, refers to the maximum number of 
cycles for each of the memory clients. 

TABLE 5 

Maximum # Cycles per Slot 

Memory Client Operation # of cycles 

Graphics Back End 
CPU, Rendering Engine, 
MACE 

16 memory Word read or Write 20 cycles 
8 memory Word read or Write 12 cycles 










