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PHYSICAL AND THOUGHT SIMULATION NEEDED TO GENERATE HUMAN

EMOTIONAL REPRESENTATION WITH REALISTIC COMPUTER GRAPHICS OUTPUT.

TO ACHIEVE THIS, THE EMOTION ENGINE MAIN PROCESSOR CONTAINS THREE

INDEPENDENT FLOATING-POINT PROCESSORS.

e e o0 0e A home entertainment computer,
the so-called consumer video game, requires
perfect compatibility in its parts. The console
cannot change its functions or performance
during its lifetime. As all CD disks can be
played on all CD players, all application titles
must execute on all versions of the console.
For this tight compatibility, no specification
change, including frequency improvement, is
allowed. Considering this, we have developed
a new entertainment computer system
designed to provide the highest performance.
We adopted the latest technology and the
most advanced manufacturing technology in
the early design stages to secure a long prod-
uct life with the same high performance.

High-quality computer graphics and good-
quality entertainment software require a huge
amount of calculation to provide attractive
graphics and to simulate thinking inference
and physical phenomenon. To produce these
features, the new product needs ample com-
puting resources.

One of the most advanced manufacturing
technologies necessary for improving perfor-
mance in computer graphics is the embedded
DRAM, which is equipped with both an
operation circuit and memory. EDRAM tech-

nology enables a very wide memory band-
width such as 2,048 bits in one die. By insert-
ing the EDRAM into the rendering engine,
we greatly reduced the demand for a high
bandwidth between memory and processor.
This eliminates a bottleneck with the pixel fill
rate, which has been a problem with the pre-
sent rendering engine, and improves the draw-
ing performance dynamically.

Then the geometry process performance
became relatively insufficient because of the
improved drawing performance. To reinforce
geometry processing and distribute the load,
we designed the architecture differently from
the previous version. Our new architecture
runs geometry engines in parallel and allows
two or more processors to share the same ren-
dering engine through timesharing. This
approach sets the rendering engines in paral-
lel. Here, we describe the architecture of our
system, the programming paradigm, and a
programming example on this processor.

Architecture overview

Our system consists of a graphics synthe-
sizer, the Emotion Engine, an 1/O processor
(10P), and a sound-processing unit (SPU).
Figure 1 shows the system’s block diagram.
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The 1OP controls peripheral devices such
as a controller and a disk drive and detects
controller input, which is sent to the Emotion
Engine. According to this sig-
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Figure 2. Processor organization.
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EMOTION ENGINE

floating-point coprocessor, which is the over-
all controller. The others are floating-point
vector processors: VPUO and VPU1. VPUOQ

Emotion Engine, the main processor. It con-
sists of three independent processors. One is
a traditional MIPS-based processor with a

Table 1. Main features of the Emotion Engine.
FMAC: floating-point multiply-adder-calculator;

FDIV: floati

Feature

ng-point divider.

Description

CPU

Instruction cache

MIPS Il two-issue superscalar
with 128-bit multimedia extension
16 Kbytes, two-way

processes thought simulation and physical
simulation while VPU1 supports fixed geom-
etry operations such as simple 4 x 4-matrix
operation and perspective correction. For local
parallelism, each VPU has a SIMD-VLIW
architecture. In addition, the Emotion Engine
includes an image processing unit (IPU) for
real-time image data decompression to save
the main memory. Table 1 lists the basic fea-

Data cache 8 Kbytes, two-way tures of the Emotion Engine.!?

Scratchpad RAM (SPR) 16 Kbytes Figure 3 shows the VPU1 block diagram.
Data bus 128 bits VPUO has the same microarchitecture as the
FPU 1 FMAC + 1 FDIV VPUL except for the coprocessor path and
VPU Five-way, 64-bit VLIW the memory sizes. The data memory and the

VPUO 4 FMACs + 1 FDIV floating-point registers have a 128-bit width

VPU1 4 FMACs + 1 FDIV interface with the 128-bit registers divided

Elementary function unit 1 FMAC + 1 FDIV into four 32-bit fields (x,y,z,w). Four float-
IPU MPEG-2 decode accelerator ing-point multiply-adder-calculators

DMA controller (DMAC)
System clock

10 channels
250 MHz

(FMAGC:s) are applied to each field respec-
tively. The throughput of an FMAC is one
clock cycle. This means the VPU can execute
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Figure 3. VPUL1 block diagram.
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the following vector calcula-
tion in one cycle:

x3=x0 x x1 +x2
y3=y0 xyl +y2
z3=20xz1+122
w3 =w0 xwl +w2

This type of equation fre-
quently appears in computer
graphics, physical simulation,
and other vector calculations.
The instruction memory is
64 bits wide; one instruction
consists of 32-bit upper and
lower fields that execute on the
same clock cycle. The upper
field controls the FMACs, and
the lower controls the load-
store functions as well as the
divider. Figure 4 shows the
instruction format of the VPU,
and Table 2 lists basic com-
puter graphics performance
using VPUO and VPUL.

VPU programming paradigm

Figure 5 (next page) shows
the VPU1 macro data flow.
Memory access cycles are hid-
den under the floating-point
operation cycles to achieve
effective performance. The
basic concept of the data flow
consists of

1. loading source data from the large main

PlayStation2

On 13 September in Japan, Sony Computer Entertainment (SCE) disclosed the next-gen-
eration game console called PlayStation2. PS2 is the successor to the original PlayStation,

50 million sets of which have been sold worldwide.

PS2 replaces the CD-ROM drive in PlayStationl
with a DVD-ROM drive that can play DVD videodiscs.
PS2 also contains the whole circuit of the PS1 micro-
processor core as an /0 controller that enables PS1
compatibility. Furthermore, PS2 supports some gen-
eral /0 formats such as the IEEE 1394 (iLink) and Uni-
versal Serial Bus for future extension, especially for
the future network extension planned for 2001 avail-
ability.

The Emotion Engine described in this article is the
central processor in the PS2 system and is designed for
real-time entertainment. The PlayStation’s target appli-
cation is entertainment, not office applications.

Figure A. PS2 outlook.

64
B 32 32 s
Upper field | Lower field |
1] T
Flags | dest | ft | fs | fd | opc |
7 4 5 5 5 7
Opcode

fd floating registers
fs floating registers

ft floating registers
Destination field

Figure 4. VPU instruction format.

memory to local data memory,

2. reading from the local data memaory,

3. calculating the data,

4. storing the result back to the local data

memory, and

5. sending the result to the graphics syn-

thesizer.

The local memory is quad-buffered,
pipelining the execution of each step. For this
requirement the local memory has a logical
triple port for the processor, direct memory
access between main memory and the local
memory, and direct memory access between
the local memory and the graphics synthesiz-

er interface unit (GIF).

Flags

Table 2. VPU features.

Feature Description VPUO VPU1
Floating-point registers 128 bits x 32
Integer registers 16 bits x 16
FMAC Single-precision FP x 4

Multiply/add 1cycle

Min/max 1 cycle
FDIV Single-precision FP x 1

Divide 7 cycles

Square root (SQRT) 7 cycles

Inverse SQRT 13 cycles
Instruction bus 64 bits
Coprocessor bus 128 bits —
Instruction memory 4 Kbytes 16 Kbytes
Data memory 4 Kbytes 16 Kbytes

A
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Figure 5. VPU macro data flow.
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play list format. After the DMAC sends the
list from the main memory to the VIF, the
VIF decodes the header of the list (VIFcode).
The VIFcode contains the size and location
information of the following list. According
to the VIFcode instruction, the VVIF delivers
the contents of the list to the proper address
of the VPU instruction or data memory. The
VIFcode also has special assignments that
indicate when to start the VPU program. This
special code is followed after all the VPU
memory setup is completed. Figure 7 shows
the VIFcode’s instruction format.

After the VIF activates the VPU core (VU),
the core executes the program in instruction
memory. After a floating-point calculation is
completed, the VU sends the results to the
graphics synthesizer through the GIF.

VPUO/VPU1 collahoration

Y

-t}

The processor connection

VIFcode Program

(sent to instruction memory)

topology is important for par-
allel processing performance.

| VIFcode | Matrix data

(sent to data memory)

The complete symmetrical
duplication of the processors

32 VIFcode | teytyre data

does not effectively increase
_ s (sent to graphics synthesizer) the total system performance,
| ID | Size | Addr | L
VIFcode which includes software pro-
8 | 8 |16 L "

L 1st chunk of vertex data ductivity. Our approach is to
Destination address (sent to data memory) fix the role of VPUO and

Data size VIFcode VPUL1 in advance.
Instruction 2nd chunk of vertex data VPU1 works independent-

VIFcode format

(sent to data memory)

ly for fixed, simple geometry

Figure 6. Typical VPU display list format.

32

R
Send following size words to addr of instruction memory
8 8 16

[60 [Size] Addr | Send following size words to addr of data memory
[14] - [ Addr | Start VU program from addr
[13] - [ - ] wait for all execution and DMA transaction

Figure 7. VIF instruction example.

The VPU program and data are provided
from the main memory through the DMA
controller (DMAC) and the VPU interface
unit (VIF). This input data is called the 3D
display list. Figure 6 shows a typical 3D dis-
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operations that generate dis-
play lists to be sent to the
graphics synthesizer. For
example, geometry transfor-
mation of background buildings in a racing
game is very simple because the coordinate of
vertices comprising a building can be calcu-
lated with one 4 x 4 matrix and one division
operation. The main CPU, with its complex
functions, is unnecessary in such a simple
operation. However, output data may be very
large because simple geometry operations do
not require the operation cycles per geometry
transformation of the vertex. So VPU1's out-
put should not be transferred through the
main bus. To avoid disturbing other opera-
tions on the main data bus, we gave VPU1 an
exclusive path to the graphics synthesizer.
On the other hand, VPUO works as a
coprocessor to the CPU core for complex pro-



cedures such as physical simulations. In the
racing game just mentioned, VPUO may cal-
culate the behavior of the suspension and fric-
tion to the ground. The result may be a
display list or front-end data for VPU1. In any
case, the size of the output data produced per
unit time may not be as large because the
VPUO task to produce a similar amount of
output is more complex and time consuming
than that of VPUL. Therefore the VPUO
result is buffered temporarily in the scratchpad
RAM. Using the scratchpad RAM as a hub,
the data is transferred to the graphics synthe-
sizer or to VPU1 under software control.

Figure 8 shows a serial and parallel connec-
tion example. In the serial connection appli-
cation, the VPUO output data is stored in the
scratchpad memory temporarily and also is
sent to VPUL. In this case, VPUO works as
VPUL’s preprocessor. In the parallel connec-
tion application, it is possible to send two
independent display lists asynchronously from
VPUO and VPUL. For this requirement, the
graphics synthesizer contains two sets of inter-
nal contexts (the drawing environment). Most
rendering commands have a context 1D field.
It enables the graphics synthesizer to distin-
guish which context each command uses.

Parallel connection has another merit. After
simulating an application, we found that
VPUL did not continuously generate the
resulting display list. This happened because
VPU1 must suspend sending the output dis-
play list until the entire input data chunk is
prepared. However, the microrendering
pipeline requires a constant input of data. As
a result, the GIF monitors the status of the
graphics synthesizer. If there is no data from
VPU1 and the graphics synthesizer is idle, the
GIF reads from the scratchpad RAM or main
memory, where VPUO may have prepared its
own display list in parallel. Figure 9a shows
the image generated by VPU1. The additional
display list generated by VPUO is merged with
this. Figure 9b shows the final image.

Programming sample

Here, we show an example of the collabo-
ration of VPU1 and VPUO serial connection.
Image 1 in Figure 10 (next page) shows one
scene of a demonstration simulating the wave
motion along the terrain and the refraction
and reflection of the water surface. The shape

Main Ll Pyt _
memory Rendering
VPUO T ™ engine
cru B SPR DMA Arbiter
(GIF)
(@)
] (Secondary buffer)
Main
memory
1 DMA
e, SPR »| vpu1 [—» ReENering
engine
CPU
(Primary buffer)
(b)

Figure 8. Multiple display list data flow: parallel connection
(a) and serial connection (b).

Gk
v Q.

4

(b)

Figure 9. Multiple display list example:
VPU1-generated image (a) and final VPUO-
merged image (b).

of the terrain changes the speed of the wave
motion. Since the shallow bed decreases the
speed of the wave, we can simulate the wave
motion lapping along the terrain using the
integral of depth from a wave source to an
arbitrary point as the phase angle of the wave
in a simple physical model.
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To simulate refraction and reflection, we
piled up an opaque surface and two semitrans-
parent surfaces, as shown in Figure 11. The bot-
tom layer is drawn as terrain, and the second
and the third layers as the water’s surface. The
second surface uses the modulated texture of
the terrain to render the refraction; the third
surface uses the sky and cloud textures to ren-
der the reflection. The flow of the calculation
and rendering occurs in the following six steps:

1. Generate the terrain. Generate the terrain’s
shape by the fractal method.

. Calculate the effect of the terrain's shape for

wave motion. Integrate the water depth
from a wave source to each point to
obtain/calculate the wave’s phase angle.

. Render the terrain. Calculate the geome-

try operation and render the terrain.

. Generate the wave's shape. Generate the

wave’s shape from the phase angle using
a trochoid curve.

. Render the waves refraction. Calculate view

vectors to each point and the normal vec-
tors on it. Calculate refraction vectors
from the view vectors and normal vectors.
Modulate the underwater texture accord-
ing to the refraction vectors. Render the
semitransparent wave surface using the
modulated underwater texture.

. Render the wave's reflection. Calculate

reflection vectors from view vectors and
normal vectors. Modulate the sky and
cloud textures according to the reflection
vectors. Render the semitransparent wave
surface using the modulated sky and
cloud textures.

Hardware resource allocation

Considering the characteristics of the six
process steps, we allocated the hardware
resources (processor and memory) to each
process in advance.

Steps 1 and 2 need to read and generate
large-scale data and store it. The calculation

uter Entertainment Inc.. ALL RIGHES RESERVED

Figure 10. Wave motion image.
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includes many conditional
branches and variable-length
loops. These processes are
suitable for the CPU core and
the main memory.

VPUL1 and its local memo-
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Triangle stri
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ry process step 3 most effec-
tively because the calculation

l algorithm is a combination of

simple geometry operations
and the result is output to the
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Triangle stri I
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graphics synthesizer. We
divide the mesh data repre-

l senting the terrain shape into

many triangle strips, the data
length of which is small

Figure 11. Two semitransparent surfaces on top of one opaque surface.
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enough to keep it in VPU1’s
local memory.

Steps 4, 5, and 6 need vec-
tor normalization or vector



products, and they are more complicated than
the simple geometry operations. These calcu-
lations are suitable for VPUO using the CPU
core’s conditional branch commands. We can
also divide the wave surface mesh data into
small triangle strips to keep it in the VPUO
local memory with steps 4 to 6. After the
process of each strip in VPUO completes,
VPUL1 processes the output data for geome-
try operations. VPUO passes the preoperated
data to VPUL1 through the scratchpad mem-
ory.

Figure 12 shows the data flow of this exam-
ple according to our hardware allocation. In
this example, the load of calculation is largest
in steps 4 to 6, but we can almost fully process
them in VPUO, VPU1, and scratchpad mem-
ory. The CPU core and main memory are
used only for conditional branch and data
input operations. This means the CPU core
and the main memory can support other
operations at the same time as steps 4 t0 6.>°

he Emotion Engine can optimize the allo-

cation of hardware resources according to
the necessary amount of memory and the
complexity of calculation. This ability gives
the following advantages to programmers:

e They can easily obtain local high perfor-
mance because each local processor is
designed to the specific application style.

e They can easily obtain the highest per-
formance because the connection of each
local processor is selectable by software
through fast local scratchpad memory.

In addition, although the macro dataflow
path is different, the microarchitecture of
VPUO and VPUL1 is identical. It provides
another merit:

« It iseasy to obtain high reliability because
the prototyping on VPUOQ’s macroarchi-
tecture before production on VPU1’s
microarchitecture is possible.

These advantages allow programmers to
suggest many new ideas. We believe these
challenges produce many good-quality enter-
tainment software packages. MICRO

Scratchpad .
3D display
list of wave
3D display
list of wave
3D display
v list of terrain

VPU1 memory

2D display
2D display list of terrain

list of wave

Graphics synthesizer

Figure 12. VPUO calculates the three-dimensional wave shape using the
local memory then stores the result in the Scratchpad.
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