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reason for this difference is speed. Whatever the justification, however, it is important to 
realize that the Chad monitor must be the program currently running in the Chap in 
order to use Chad to move data onto the Chap. 

Under normal circumstances, in which execution of a Chap program is a matter of 
loading a set of parameters into registers or scratchpad locations and branching to the 
appropriate routine, this difference means nothing; the monitor is used to do the transfer, 
and it is executing whenever other routines are not (before they are called and after they 
return). However, if the routine itself needs to have data passed to it while it is running, 
then Chad cannot be used: its monitor is not running. If ChadWriteO was used to pass 
data, it would wind up waiting for the Chap to return to the monitor -- for the executing 
Chap routine to complete, in other words. If the routine is just idling, awaiting data, 
deadlock ensues. 

Therefore, whenever routines running in cooperation between the host and the Chap 
must pass data back and forth, it is up to the programmer to establish a protocol for 1) 
which registers are used for what data, and 2) how the data movement is to be synchron­
ized. 

It is beyond the scope of this document to discuss software synchronization, except 
to remind the reader of the sample programs we have already seen. However, a few 
observations are in order and will make life easier. 

Almost all the Chap routines in the Pixar Software Release get along by passing 
parameters, either in registers or in scratchpad buffers. Before writing data-passing code, 
you should convince yourself that it really can't be done using repeated subroutine calls. 

If your program absolutely must have intermittent injections of data; it is usually 
possible to write your code so that it returns to the Chad monitor (where it receives the 
data it needs), then picks up where it left off upon the next invocation. In this case you 
must be careful to save the state of the routine (register values, that is; scratchpad loca­
tions are generally private) and restore it upon return, unless you are sure that no other 
routines will be called by the monitor before returning to your routine. Since Chad 
promises not to affect any registers but the last four sysbus registers and acc, Chad 
is no threat, but multiprocess control over the Chap can send execution off to routines 
which are dedicated to trashing your registers. 

While it is possible to use the routines in libpixar to access any of the registers or 
scratchpad locations in the Chap, doing so is not recommended for one reason: speed. It 
is much faster to move data using the sysbus registers and VDRs. The earlier exam­
ple programs illustrate this process. 

As in Sample 6, you have the option of using the Chap's hardware interrupt as a 
synchronization mechanism. Chad does not interfere with this mechanism, or use it in 
any way. 

Be aware of the value of the �s�y�s�r�e�~� bit as a synchronization mechanism: After 
VDR access, the host stops automatically, waiting for sysrel to be asserted. Thus the 
host is prevented from proceeding until the Chap program deems it appropriate. Of 
course, the danger here is a bus timeout if the Chap takes too long doing so. Conse­
quently, the Chap program has a responsibility not to tarry too long. 
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12.4. Chad and the Chap Libraries 
The tutorial sample programs appearing in earlier sections required their Chap pro­

grams to be loaded explicitly by the user. One of the most important services of Chad is 
to simplify this process and to automate it in host programs. 

Recall from Programming with Chad that Chad wi11load any Chap routine under 
host control with a call to ChadAilocO, giving a character string identifying the routine. 
There are three prerequisites for this: 

• The routine (the location of the code) must have been declared with the Chas 
. globl directive, making it known outside the flie in which it is defined. 

• After compilation, the routine must be included in a library. 
• The library must be among the set of libraries Chad searches to fmd routines. 

You should already be prepared for the fIrSt step by the example programs. Chap 
code can be included in an archive flie by the following steps: 

• Compile the '.s' module using chc with the '-c' flag. Thus, to compile the module 
/oo.s, type 

chc -c foo.s 

to the UNIX Shell. Of course, you are responsible for using the '-I' option to use the 
appropriate header directories. 

• Use the standard Unix command 'ar' to create/modify the library flie. 
• Use the Pixar program chranlib to prepare the archive for use. This is analogous to 

the Unix shell command ranIib. 

~igure 12-1 is a makeftle for creating an archive file/oo.a from a Chap program ftle 
/oo.s. This is a useful general template for compiling Chap microcode libraries, which 
you are encouraged to modify and use for your own programs. 

# 
# Makefi1e template i11ustratinq Pixar Chapcode archives 
# 
PIXAR= /usr/pizar 
CHC= $ {PIXAR}/host/bin/chc 
CHRANLIB=${PIXAR}/host/bin/chran1ib 
INCLUDE=${PIXAR}/include 
IPATH= -I. -I${INCLUDE} -I${PIXAR}/include/pixar 
CHCFLAGS=${IPATH} 

SReS= foo.s 
OBJS= foo.o 

LIB= foo.a 

. s. 0: 
$ {CHC} $ {CHCFLAGS } -c $*.s 

al1: ${LIB} 

$ (LIB) : $ {OBJS} 

PIXAR 

ar uc $(LIB) $ {OBJS} 
${CHRANLIB} ${LIB} 

Figure 12-1: Making an Archive File (joo.make) 
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Once the library fue exists, Chad must be told to look in it when asked for routines. 
This is done using ChadLibsO, which is documented in Programming with Chad. 

Figure 12-2 illustrates these steps. The program is equivalent to sample6, but uses 
Chad instead of the libpixar routines to load the Chapside routine and set it running. It is 
instructive to compare this program with sample6s.c for simplicity and intuitiveness. 

1 #inc1ude <pixar/pixar.h> 
2 #inc1ude <chad.h> 
3 #inc1ude <stdio.h> 
4 
5 #define UCODE "foo.a" 
6 #define ROUTINE "samp1e4" 
7 main 0 
8 { 
9 

10 ChadPC *routine; 
11 
12 ASSERT ( ChadBeqin ( CHAP 0 , 0 »; 
13 chap = Chaps[CHAPO]; 
14 ChadLibs( UCODE, NIX ); 
15 ASSERT ( ChadA110c ( CHAP 0, 
16 RAM, &routine, ROUTINE, 
17 NIX»; 
18 ASSERT ( ChadGo ( routine ) ); 
19 for (;;) { 
20 
21 } 
22 ChadEnd( CHAPO ); 
23 } 

Figure 12-2: Replacing sample6 with Chad (sample7s.c) 

Exercise: Modify foo.make from Figure 12-1 (don't forget to rename it Makefile or 
makefile) to create an archive from the sample programs in earlier sections of this 
tutorial. Modify the sample programs themselves, so that rather than allocating their 
own pixel windows, a pixel window is passed as a parameter in a scratchpad base 
register. Then write a Chad program (use sample7s.c as a departure point) to allo­
cate a pixel window with ChadAllocO, put its address (pw->addr) in the appropri­
ate base register with ChadWriteO, and then call the Chap routine to draw the rec­
tangles. You will find the source files in the Pixar Software Release 
(Iusrlpixarlhostlsrcllibllib* for host routines, lusrlpixarlchaplsrcllibllib* and 
lusrlpixarlchaplsrclbin for Chap code) helpful if you get stuck. 

12.5. Discussion: the Chad Development Process. 
The Pixar Image Computer in general and the Chap in particular, like many other 

fast parallel-processing devices, is best at inner loops: those repetitive tasks, like the 
pixel-level operations that are performed on every pixel in an image, which account for 
the preponderance of the work done by a computer. The outer loops, which do the semi­
intelligent work of setting up the environment and detennining what the inner loops will 
do, are usually best left to a host. They account for most of the development time of a 
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major application, so this development cycle is best performed on a host computer with a 
good environment. The line between outer and inner loops is indistinct; determining the 
appropriate level for the host-Chap interface for a given application is the process Chad 
is designed to support. 

Chad gives you easy, reasonably efficient access to the important parts of the Chap, 
making it possible for host programs to It emulate" Chap programs which consist mostly 
of setting up parameters and calling other Chap programs. This means two things. First, 
it gives you immediate access to the tiniest (globally defined) Chap routines in the Pixar 
Software Release -- and there are a lot of those. More important, it allows you to 
develop programs and debug algorithms on the host, introducing speed improvements by 
moving work down to the Chap in tiny pieces, beginning with the innermost loops 
(which hopefully already exist). As performance warrants, you can move more and more 
of your program incrementally from the inner loops outward, until the speed of the appli­
cation is satisfactory. This layered approach also tends to produce routines which are 
useful in other contexts, and can profitably be added to a site's libraries. 

Chad, then, attempts to provide both an interface and a convention encouraging the 
development of re-usable code. This code will be the source of Pixar Contributed 
Software. We look forward to hearing of your. efforts. 
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13. Video Routines 

In addition to a Chap, each Pixar Image Computer has a programmable video board 
to control the display of the framebuffer memory. The reader who would like to become 
familiar with this board is encouraged to experiment with the shell-level command, 
tool( 1), an interactive program that exercises most of its features (see manual entry or 
type the shell command tool -). This discussion focuses on the set of routines avail­
able to the user who wants to control the video board from a host program. We attempt 
to illustrate as many as possible through short example programs. There are three main 
topics: 

• Display parameters 
.Colormap 
• Hardware cursor 

The discussion is simplified in comparison to that for the Chap routines since there 
are no companion programs running on the video board requiring synchronization. In 
fact, Chap programs cannot directly access the video board. 

General Remarks 

As with the Chap, any user program must first open the video board for use via a 
call to VideoOpen. The calling convention is: 

VIDEO * 
VideoOpen (videoname, width, height, shared) 
char *videoname; 
int width, height, shared; 

video name is typically "/dev/videon" where n is the number of the video board, usually 
o if it is the only one. width and height are dimensions in pixels of the window into the 
framebuffer. If you do not use the hardware cursor (see below), then these parameters 
are not used. As before, if shared is non-zero, then the device is open with shared access. 

13.1. Display Parameters 

Figure 13-1 shows the listing of a sample program that opens the video board and 
manipulates the display parameters before closing the video board and exiting. The only 
flie that needs to be included, <pixar/pixar .h>, is the same as for the Chap rou­
tines. 

VideoSetDisplay 

After opening the video board, we make a series of calls to VideoSetDisplay. 
This routine controls the location and size of the displayed data. Its calling convention is . 

VideoSetDisplay(video, base, width, height, x, y, mode) 
VIDEO *video; 
int base, width, height, x, y, mode; 

base, width, and height are in tile blocks, and determine the format and size of the 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31. 
32 
33 
34 

#include <pixar/pixar.h> 

main() { 

} 

int i, j; 
VIDEO *v; 

v = VideoOpen(n/dev/videoO", 1024, 768, 1); 
if (v == (VIDEO *) 0) { 

printf(nvideo: can't access video controller. \nn); 
exit(-2); 
} 

VideoSetDisplay(v, 0, 32, 24, 0, 0, VMODE_RED); 
sleep(l); 
VideoSetDisplay(v, 0, 32, 24, 0, 0, VMODE_GREEN); 
sleep(l); 
VideoSetDisplay(v, 0, 32, 24, 0, 0, VMODE_BLUE); 
sleep(l); 
VideoSetDisplay(v, 0, 32, 24, 0, 0, VMODE_RGB); 
sleep(l); 

for (i=0;i<16; ++i) { 
VideoSetDisplay(v, 0, 32, 24, 64*i, 48*i, VMODE_RGE); 
sleep(l); 
} 

VideoSetDisplay(v, 0, 32, 24, 0, 0, VMODE RGB); 
for (i=ZOOM MIN ; i<= ZOOM MAX ++i) { 

VideoZoom(v, i); -
sleep(l); 
} 

VideoZoom(v, 1); 
VideoClose(v); 

Figure 13-1: Video Display Parameters Demo (videmo.c) 

framebuffer memory. Recall that the framebuffer memory is essentially a linear array of 
tile blocks and must be organized into a two dimensional rectangle by the user. base sets 
the beginning tile block, width determines how many tile blocks span one row of the rec­
tangular area, and height gives an upper bound on how many such rows are to be 
displayed. 

The next two parameters, x and y, are in pixels, and specify an offset into the rec­
tangular array of tile blocks defined above. This is the point where the video controller 
begins to scan out the framebuffer memory; it will be at the upper left comer of the visi­
ble display. In the coordinate system of the display, y increases in downward direction. 
Due to hardware limitations, x and y are truncated to be multiples of 4. 

Channel Crossbar 

Finally, mode determines how the four channels of data in the framebuffer are to be 
interpreted in the display. A channel crossbar switch routes the data from the frame­
buffer into the colormaps. In the usual, or "full-color" mode, the red, green, and blue 
channels are routed through the red, green, and blue colormaps, respectively. Each chan­
nel can be used as the source for pseudo-color, too. For example, in red pseudo-color, 
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the data in the red channel of the pixel is fed separately to all three colormaps, putting a 
"black and white" image on the screen. The green, blue, and alpha channels are 
ignored. There are also pseudo-color modes using the green, blue and alpha channels. 
To use this mode, the user usually will want to load a customized colormap (see the next 
sample program). 

The sample program illustrating these features is shown in Figure 13-1. As with 
other sample programs, you can use the UNIX utility make to create an executable ver­
sion of this program. Simply type the· shell command make vi demo. For best results, 
there should be a full-color image in the display. Make sure the video board is set to its 
defaults by the command 'video - ini t'. Then run the program with the command 
videmo. Notice the changes to the display fIrst. 

Commentary on Figure 13·1 
The calls to VideoSetDisplay [lines 13,15,17,19] illustrate the various set­

tings of the channel crossbar discussed above. As these calls are executed, the monitor 
should display a grey scale image of the red, green, and blue channels, in order, before 
returning to full color mode. 

The loop [lines 22-25] moves the upper left comer of the display, controlled by 
parameters x and y in the calling description above. Then the comer is set back to the 
default (0,0). 

VideoZoom 

The next loop [lines 27-30] plays with the hardware zoom factor. It increases this 
from its minimum (1) to its maximum (16). These values are included as macros, 
ZOOM_MIN and ZOOM_MAX, in the include flie. The hardware zoom is implemented by 
pixel replication on the video scan-out. For example, a zoom factor of four causes each 
pixel of framebuffer memory to cover a block of four by four pixels on the display. 
Hence, 1116 as many pixels are displayed. If the upper left comer of the display is black, 
then at some point as the zoom increases, the display will go black. 

Finally, the zoom is set back to its default state [line 31], and the video is closed 
with a call to VideoClose [line 32]. 

13.2. Colormap Demo 
All the data coming out of the video output port goes through the colormap. There 

are three colormaps: one for each of the output channels. The channel crossbar, 
described above, determines the input channels. Figure 13-2 presents a simple demons­
tration of the colormap routines available to the programmer. The program, called con­
tour, accepts a single command line integer argument, n. It then creates n linear ramps 
within the colormap array and sends this colormap to the video board. The program gets 
its name from the fact that at the boundary of the individual ramps the displayed color 
changes from black to white; hence, sharp contour lines appear. Use the command 
make contour to create an executable version. 
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Computing the Coiormap [lines 21·36] 

Recall from Chapter 4 that the framebuffer stores pixel values in the range 
[-.5, 1.5), by interpreting the top two bits of the intensity value according to Table 13-1. 

Upper 2 Bits 
00 
01 
10 
11 

Range 
[ 0, .5) 
[ .5, 1.0) 
[1.0, 1.5) 
[-.5, 0) 

Table 13-1: Pixel Value Conversion 

Each value coming from the framebuffer is adjusted (by hardware) to be in the 10-bit 
"address space" of the colormap. Thus, values from a 12-bit frame buffer are automati­
cally shifted right by two bits; values from an eight-bit frame buffer are shifted left by 
two bits. This value is used as an index into the colormap. For example, in a 12-bit 
frame buffer, the pixel values 16, 17, 18, and 19 all map to colormap entry 4. The values 
in the colormap are scaled integers with 12 bits of fraction. There are no integer bits. In 
this system, then, maximum intensity corresponds to the value 4095. 

The conversion of Table 13-1 is implemented in hardware in the Chap when 
transfers take place between scratchpad and framebuffer. This does not happen in the 
video board. Instead, the colormaps determine this conversion. To emulate Table 13-1 
in a linear ramp, use the colormap described in Table 13-2. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 

#inc1ude <pixar/pixar.h> 
#define ONE Oxfff 

main (argc, argv) char **argv; { 

} 

VIDEO *v; 
int num = 8; 
short cm[3] [1024]; 

if (argc > 2) { 
printf ("Osage: contour number_of_ra:mps. \n") ; 
exit(-2); 

} 
if (argc == 2) num = atoi(*++argv); /* defau1t: 8 */ 

v = VideoOpen("/dev/videoO", 1024, 768, 1); 
if (v == (VIDEO *) 0) { 

printf("video: can't access video contro11er. \nn); 
exit(-2); 

} 
{ register int i, j, k, m, number; 
doub1e de, c; 
number = 512.0/num; 

de = num/512.0; 
for (i=O,k=O;k<num;++k) 

for (c = 0, ~O; ~number; c += dc, ++m, ++i) 
if (i > 511) break; 
for (j=0;j<3; ++j) 

cm[j] [i] = c * ONE; 
} 

for (; i<768;++i) 
for (j=O; j< 3; ++j) cm[j] [i] = ONE; 

for (;i<1024;++i) 
for (j=O; j< 3; ++j) cm[j] [i] = 0; 

} 

VideoSetCo1or.map(v, cm[O], cm[l] , cm[2]); 

VideoC1ose(v); 

Figure 13-2: Colormap Sample Program (contour. c) 

Top two bits Colormap indices Values Interpretation 

11 
Ox 
10 

768-1023 
0-511 

512-767 

o 
0-4095 
4095 

(Clamp to 0) 
(Linear ramp) 
(Clamp to 1.0) 

Table 13-2: Simple Linear Colormap 

Sample Program contour (Figure 13-2) 

{ 

The colormaps contructed in the sample program [lines 21-36] respect this conven­
tion. The sequence of ramps is placed into the bottom half of the array, while the top half 
is used for clamping, as in Table 13-2. The ramps are calculated in [lines 25-31]; the 
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clamp areas are filled in [lines 32-35]. Once the array has been computed, it is sent to the 
Pixar Image Computer via a call to VideoSetColormap [line 38]. Its calling con­
vention is: 

VideoSetColormap (v, red, green, blue) 
VIDEO *v; 
short red[1024], green[1024], blue[1024]; 

The current colormap may be retrieved via a call to VideoGetColormap, which has 
the identical calling convention. 

One common use of colormaps is to implement gamma correction for the aberra­
tions in the response of the display elements. This is available with the shell level utility, 
video(1); consult the manual page, or type 'video -' 

13.3. Hardware Cursor 

One final focus of this discussion is the hardware cursor. This is a programmable 
bit array of 128 by 128 pixels, overlaid on the video signal without affecting the contents 
of the framebuffer. Bits not on are not affected; bits turned on in the cursor array appear 
as "superwhite," so they are distinguishable from any framebuffer color. A cursor 
which was all 0' s would be totally transparent and hence invisible. Up to four cursors 
may be loaded at anyone time, so that the user may switch from one to another. 

Figure 13-3 contains a listing of a sample program that demonstrates the use of the 
hardware cursor. Execute the command make cursor to create an executable ver­
sion. Run this program before and after reading over the program listing to acquaint 
yourself with the working of the hardware cursor. 

The main data structure required is CURSOR. There is a set of externally defined 
cursors for use by programs. We have included the crosshair and clef cursors in this 
demo [line 4]. See the Pixar manual pages (videocursor(3H) for other available cursors. 
For the curious reader, the CURSOR data structure is defined in the file <pixarlvideo.h>. 

Once a cursor data structure has been defined, as in the case of xhair _cursor, the 
next step is to load the cursor: 

VideoLoadCursor(v, n, c) 
VIDEO *v; 
CURSOR *c; 

The parameter n is an integer from 0 to 3 and identifies in which of four possible slots to 
load the cursor. We load the two externally defined cursors into the first two slots [lines 
20-21]. 

Manipulating the Active Cursor 

The loop [lines 23-31] illustrates two more routines. First, we can move the cursor 
to an arbitrary screen location with VideoSetCursor. 
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1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 

#include <pixar/pizar.h> 

main() 

} 

VIDEO *v; 
extern CURSOR xhair cursor, clef_cursor; 
static int 10c[10] [2] = 

{100, 100, 100, 300, 100, 500, 100, 700, 
300, 700, 500, 700, 700, 700, 500, 500, 
3QO, 300, 100, 100 }; 

{ 

int i; 

v = VideoOpen("/dev/videoO", 1024, 768, 1); 
if (v == (VIDEO *) 0) { 

printf("video: can't access video controller.\nn); 
ezit(-2); 
} 

VideoLoadCursor(v, 0, &xhair cursor); 
VideoLoadCursor(v, 1, &clef_cursor); 

for (i=O; i< 10; ++i) { 
VideoSetCursor(v, loc[i] [0], loc[i] [1]); 

VideoCursorOn(v, 0); 
sleep(l); 

VideoCurs 0 rOn (v, 1); 
sleep(l); 
} 

VideoCursorOff(v); 

VideoClose (v) ; 

Figure 13-3: Hardware Cursor Sample Program (cursor. c) 

VideoSetCursor(v, x, y) 
VIDEO *v; 
int x, y; 

This will position the cursor at the pixel location (x,y) within the display window, as 
described in the first sample program. 

Only one cursor can be active - that is, displayed - at a time. To change the 
active cursor, use a call to VideoCursorOn: 

VideoCursorOn(v, n) 
VIDEO *v; 
intn; 

This will make cursor n the active cursor, and will display it according to the most recent 
call to VideoSetCursor. Warning: Calling VideoSetCursor before 
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VideoLoadCursor will not achieve the desired result. At least one cursor must be 
loaded in to set the position of the cursor. 

The loop moves the cursor through a predefined sequence of locations on the 
screen, alternating between the two loaded cursors. After this journey, the demo is com­
pleted and we terminate with a call to VideoClose. 

Conclusion 

This concludes our discussion of video routines available to the host programmer. 
Further details are available in the Pixar manual pages videodisplay, videocmap, video­
cursor, and video pen in section 3R. The. reader is also referred to the section 1 entries for 
tool, loop, and video for shell-level commands that utilize the video board. 
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14. Miscellaneous Routines 

Most host routines for the Pixar Image Computer have been covered in the previous 
two sections. However, there are a few miscellaneous ones that concern neither the Chap 
nor the video board. For most applications, these routines are not called explicitly. 
These routines fall into three categories: 

• Dumi routines 
• Memory controller routines 
• Disk buffer routines 

Dumi is an acronym for' 'Dumb Interfaceo" It is the interface card between the host 
and the Pixar Image Computer. All communication of the host and either the Chap or the 
video board goes through this card. Each Dumi can control up to eight Chaps, four video 
boards, a memory controller (see below), and a disk buffer (see below). For a more com­
plete description of the hardware configuration, consult the manual entry Dumi (4). 
There are two routines available, for opening and closing the Dumi: 

DUMI *DumiOpen(device) 
char *device; 

DumiClose( dumi) 
DUMI*dumi; 

Under normal circumstances, the user does not need to know that the Dumi exists; how­
ever, in certain circumstances he or she may want to examine the diagnostic registers 
contained there. For an example, consult the shell-level command dumi, documented in 
Section 1 of the Pixar manual pages, with source in lusrlpixarlhostlsrclbinldumi.c. 

14.1. The memory controller routines 

Each Dumi has an associated minor device, known as a memory controller. As with 
the Dumi itself, under normal circumstances, the user does not need to directly access 
this device. However, for the user who wishes to examine the device's diagnostic regis-
ters, there are routines: . 

MCTRL *MctrIOpen(device) 
char *device; 

MctrIClose(Mctrl) 
MCTRL *Mctrl; 

Interested users are referred to the maintenance command mctrl (see section 8 of the 
Pixar manual pages), and the associated source code in lusrlpixarlhostlsrclbinlmctrl.c. 
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14.2. Disk butTer routines 

The remaining routines support access to a Dumi's disk buffer, which is a special 
hardware device for speeding up disk transfers to and from the Dumi. It can be thought 
of as a more powerful version of the virtual data registers (see Section 12.1.1 above). We 
have included a sample program illustrating its use. Figures 14-1 and 14-2 show the 
source listings of a sample host and Chap program pair that use this feature to transfer the 
contents of a disk fue on the host into the scratchpad memory of the Chap. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 

#inc~ude <pizar/pixar.h> 
#inc~ude <stdio.h> 
#inc~ude <sys/fi~e.h> 
#define DWSIZE 32*1024 

maine) 

} 

DUMI *dp; 
DB *db; 
CHAP *chap; 
int fd; 

( 

chap = ChapOpen("/dev/chapO", 1); 
ChapLoadGo (chap, "chdbdemo . 0", "dbdemo"); 

if «dp = DumiOpen (" /dev/dumiO"» == NOLL) { 
printf ("Unable to open dumi. \n") ; 
exit(-2); 
} 

if «db = DbOpen (" /dev/diskwO", DWSIZE» == NULL) f 
printf ("Unable to open diskwindow. \n") ; 
exit(-2); 
} 

if « fd = open ("primes", 0 RDONLY) < 0) ( 
printf("Unable to open data fi~e\n"); 
exit(-2); 
} 

dp->dumi->dr addr1 = 1; /* set dumi register */ 
read (fd, db->db bp, 128 * sizeof(short»; 

DumiC~ose (dp) ; 
DbClose (db) ; 
ChapClose(chap); 

Figure 14-1: Disk Buffer Usage, Host Side (dbdemo.c) 

Notice that, as in previous sample programs, we open the Chap and use Cha­
pLoadGo to load and run the companion Chap program (shown in Figure 14-2). 

Setting Up the Dumi [lines 16.19] 

To use the disk buffer, the host program must fIrst open the Dumi. This is so it can 
later set one of the diagnostic registers with a "magic" value ([line 31]) which is 
required in order that the disk buffer function correctly. 
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1 #define WAIT NOT BUSY $\ 
2 push; - - $\ 
3 dowhi1e !sysbus busy; 1 ticks; $\ 
4 1 ticks 
5 
6 .bss 
7 primes: . space 128 
8 . text 
9 dbdemo: .g1ob1 dbdemo 

10 
11 bO = primes 
12 iO = 1 
13 100p 128 do 
14 WAIT NOT BUSY 
15 @bO ; syibus<15>; bO = bO + iO 
16 sysre1 = 1; 
17 done 
18 bpt 

Figure 14-2: Disk Buffer Usage, Chap Side (chdbdemo.s) 

Opening the Disk Buffer [lines 21-24] 

The host then opens the disk buffer with a call to DbOpen. Its calling convention 
is similar to previous open routines: 

DB *DbOpen(dbname, size) 
char *dbname; 
int size; 

The generic name for a disk buffer device is "/dev/diskwn," where n is a number identi­
fying the disk buffer. size is an upper limit on the number of bytes to be transferred at 
one time. The value in this sample program, 32 kilobytes, is the maximum allowed. The 
buffer area is memory mapped. The starting address of the area is stored as a char * 
in the field db _ bp of the DB structure. It is this address which we use in the read 
statement [line 32]. 

The sample program reads a small disk file named primes [lines 26-29]. primes 
contains the first 128 primes in packed binary format, with two bytes per prime. To 
examine this flie, use the UNIX utility od to get an octal dump of the contents of the file. 

NOTE: If this file is not present, use the shell command make mkprimes, 
then execute it by typing mkprimes. This will create a new copy of the file primes. 

After setting the magic Dumi register [line 31], the sample program reads the con­
tents of primes into the disk buffer [line 32]. This is all that the host program has to do 
to transfer the data. 

Now look at the Chap program in Figure 14-2. The code resembles that of vdr.c 
(Figure 11-1). This is because both the virtual data registers and the disk buffer use the 
same mechanism to transfer single words of iilformation: the value to transfer is poked 
into sysbus<lS>, the Chap detects the poke via the sysbus condition code, the 
Chap stores away the value contained in sysbus<lS>, and finally releases the Sysbus 
for another transfer. The main difference is that in the case of the disk buffer, the host 
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program does not need to make individual transfers. 

) Each two consecutive bytes of the disk file is transferred as one 16-bit Chap word. 
If the amount of data to be transferred is larger than 32 kilobytes, ~en the host program 
will have to make multiple reads to the disk buffer, each time reading at most that much 
information. 

Cleaning Up 
After the transfer is completed, the various devices that have been opened have to 

be closed by calls to the appropriate routines [lines 34-36]. 

To verify that this mechanism works, create an executable version of the sample 
program by the command make dbdemo. After running this sample program, use 
Charm to examine the Chap scratchpad to verify that the prime numbers contained in the 
fIle primes have been transferred there. 
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15. Conclusions 
This concludes the discussion of host routines for interactive programming of the 

Pixar Image Computer. The discussion has been intended as a companion document to 
the Pixar manual pages for these routines, contained in the 3H section. This discussion 
has been successful if it provides a foundation for creating customized programs to fit 
your needs. It has been designed so that users whose requirements go beyond the infor­
mation provided here will now be able to fmd the information in the manual pages, by 
following up the references to more sophisticated source files, or by consulting the 
include files which defme the data structures such as CHAP and VIDEO. The interested 
user can fmd the source files for the routines under discussion in subdirectories of 
lusrlpixarlhostlsrcllib, principally libpixar and libchad. Most of the include files are 
contained in lusrlpixarlinclude, or its subdirectory pixar. 
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1e Introduction 

Chap Assembler Reference Manual 
CHAS 

Copyright 1986, Pixar 

This document describes the usage and syntax of the Pixar Channel Processor Assembler chas. Readers of 
this document should be familiar with the Chap architecture, no description is presented here. 

2. Usage 

Chas is invoked as follows 

chas [ -wsS] [ -0 output] [filehfile2, ... , filen ] 

The -w flag suppresses the generation of warning messages. 

The -s flag causes messages to be printed regarding multiple instructions assemblies which result from the 
"special bit" (see §8.10 and §9). 

The -S flag causes chas to print the contents of the symbol table on the standard output after all input fIles 
have been assembled. 

The -0 flag causes the output to be placed in the fIle output. By default, the output of the assembler is 
placed in the rile a.out in the current directory. 

The input to the assembler is taken sequentially from filet, file2, ... , filen • Files are not assembled 
separately, all input riles are concatenated. If no riles are supplied as arguments on the command line, chas 
reads from the standard input. 

3. Lexical Conventions 

3.1. Scalar Constants 

All scalar (integer) constants are treated as 32 bit quantities. Constants are specified as in C. 

The set of digits consists of "0123456789abcdefABCDEF" with the obvious values. An octal constant 
consists of a sequence of digits with a leading zero. A decimal constant consists of a sequence of digits 
without a leading zero. A hexadecimal constant consists of the characters "Ox" (or "OX") followed by a 
sequence of digits. 

3.2. Fixed Point Constants 

Fixed point constants consist of an integer part, a decimal point, a fractional part, and an optional one char­
acter "fractional precision specification": e or E for eleven bit alpha and component values, for F for 
fourteen bit coeffIcient values. The integer and fraction parts both consist of a sequence of digits. Either 
the integer part or the fractional part (not both) may be missing. By default fIxed point constants are con­
sidered to have eleven bits of fraction (i.e. they are treated as alpha/component values). 

3.3. Operators 

There are several single and multi-character operators; see §6.1. 
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3.4. Blanks 

Blank and tab characters may be interspersed freely between tokens, but may not be used within tokens. A 
blank or tab is required to separate adjacent identifiers or constants not otherwise separated. 

3.5. Comments 

"C style" comments, introduced with a "1*" prologue and ended with a "*1" epilogue, are supported. 

4. Segments and Location Counters 

Assembled code is placed in the text segment, assembled data is placed in either the data segment or the 
bss segment. The bss segment contains uninitialized memory locations (zero ftIled by the run-time loader 
when the module is loaded); the data segment contains initialized memory locations * . Only instructions 
may be assembled into the text segment; the assembler makes no assumptions about data placed in the data 
and bss segments. Associated with each segment is a location counter which begins at zero. For each 16-
bit word assembled into the data or bss segments, the data or bss location counter is incremented by one. 
For each 96-bit instruction assembled into the text segment the text location counter is incremented by one. 
There is no way to reference a specific location counter. The current segment's location counter may be 
referenced by the special symbol ".". The text segment of a program is mapped to the Chap instruction 
RAM; the data and bss segments of a program are mapped to the Chap scratchpad RAM. 

The Chap link editor, chid, and the Chap dynamic loader, chload, align each input files' data segment on a 
16 word boundary and each bss segment on a 4 word boundary. The data segment alignment allows chas 
to tessellate initialized data. 

s. Statements 

A source program is composed. of a sequence of statements. Statements are separated by semicolons. 
There are two kinds of statements: null statements and keyword statements. Either kind of statement may 
be preceded by one or more labels. All statements on a single line assemble into one Chap microinstruc­
tion. To force statements on multiple lines to be assembled into a single microinstruction, the statements 
must be surrounded by braces, "{}". When multiple statements are grouped with braces, the compound 
statement need not be followed by a semicolon. 

5.1. Named Global Labels 

A global label consists of a name followed by a colon. The effect of a name label is to assign the current 
value and type of the location counter to the name. An error is indicated in pass 1 of the assembler if the 
name is already defined. 

A global label is referenced by its name. 

5.2. Numeric Local Labels 

A numeric label consists of a digit 0 to 9 followed by a colon. Such a label serves to defme temporary 
symbols of the form "nb" and "nf', where n is the digit of the label. As in the case of name labels, a 
numeric label assigns the current value and type of the location counter to the temporary symbol. How­
ever, several numeric labels with the same digit may be used within the same assembly. References to 
symbols of the form "nb" refer to the fIrst numeric label "n:" backwards from the reference; "n:" sym­
bols refer to the fIrSt numeric label "n:" forwards from the reference. 

5.3. Null Statements 

A null statement is an empty statement and is ignored by the assembler. A null statement may, however, 
be labeled. 

* bss stands for "block starting with symbol". By using bss one may minimize the size of load modules and optimize the 
speed at which modules are loaded into Chap scratch pad. 
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5.4. Keyword Statements 

A keyword statement begins with one of the many predefmed keywords known to chas; the syntax of the 
remainder of the statement depends on the keyword. The remaining keywords are assembler pseudo­
operations, also called directives. The pseudo-operations are listed in §7 together with the syntax they 
require. 

6. Expressions 

An expression is a sequence of symbols representing a value. Its constituents are identifiers, constants, 
operators, and backs lash-parentheses, ("\(" and "\)"). Each expression has a type. 

All operators in expressions are fundamentally binary in nature. Arithmetic is two's complement and has 
32 bits of precision. Chas supports only limited arithmetic with fixed point numbers. There are four levels 
of precedence, listed here from highest precedence level to lowest 

precedence operators 
unary -, 
binary *, I, % 
binary +,-
binary «, » 
binary I ,&, A, nand, nor, xnor 

All operators of the same precedence are evaluated strictly left to right, except where the evaluation order 
is enforced by parenthesis. 

6.1. Expression Operators 

The operators are: 

operator 

+ 

* 
I 
% 

& 
I 

» 
« 

nand 
nor 
xnor 

meaning 
addition 
(binary) subtraction 
multiplication 
division 
modulo 
(unary) 2's complement 
bitwise and 
bitwise or 
bitwise exclusive or 
bitwise l' s complement 
logical right shift 
logical left shift 
bitwise not and 
bitwise not or 
bitwise not exclusive or 

Expressions may be grouped by use of backslash-parentheses, "\(" and "\)". Only the - (unary and 
binary), +, *, and I operators may be used with fixed point numbers. 

6.2. Data Types 

The assembler manipulates several different types of expressions. The types which may be met are: 

undefmed 
Upon fIrst encounter, each symbol is undefined. It will remain undefmed if it is assigned an unde­
fmed expression. It is an error to attempt to assemble an undefmed expression in pass 2; in pass 1 it 
is not (except that certain keywords require operands which are not undefined). 
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undefmed external 
A symbol which is declared .globl but not defined in the current assembly is an undefmed external. 
If such a symbol is declared, the runtime monitor/loader must be used to combine the assembler's 
output with another routine that defmes the undefined reference. 

absolute integer 
An absolute integer symbol is defined ultimately from a constant which has no fractional portion. Its 
value is unaffected by any possible future applications of the link-editor to the output fue. 

absolute fixed point 

text 

An absolute fixed point symbol is defmed ultimately from a constant which has a fractional portion. 
Its value is unaffected by any possible future applications of the link-editor to the output fIle. 

The value of a text symbol is measured with respect to the beginning of the text segment of the pro­
gram. If the assembler output is link-edited, its text symbols may change in value since the program 
need not be the fIrst in the link editor's output Most text symbols are defIned by appearing as labels. 
At the start of an assembly, the value of"." is "text". 

data, bss 
The value of a data (bss) symbol is measured with respect to the origin of the data (bss) segment of a 
program. Like text symbols, the value of a data (bss) symbol may change during a subsequent link­
editor run since previously loaded programs may have data (bss) segments. After the fIrst .data 
(.bss) statement, the value of "." is "data" ("bss"). 

external absolute, text, data, or bss 
Symbols declared .globl but defIned within an assembly as absolute, text or data symbols may be 
used exactly as if they were not declared .globl; however, their value and type are available to the 
link editor so that the program may be loaded with others that reference these symbols. 

6.3. Type Propagation in Expressions 

When operands are combined by expression operators, the result has a type which depends on the types of 
the operands and on the operator. For purposes of expression evaluation the important types are 

undefmed 
undefined external 
absolute (either integer or fIxed point) 
text 
data 
bss 
external absolute, text, data, or bss 

The combination rules are: 

1) If one of the operands is undefined, the result is undefined. 

2) If both operands are absolute, the result is absolute. 

3) If an absolute is combined with one of the external types, the result has the type of the external. If an 
external type is combined with a type other than external, the external is treated as an absolute. 

Further rules applying to particular operators are: 

+ If one operand is text- data-, or bss- segment relocatable, or is an undefined external, the 
result has the postulated type and the other operand must be absolute. 

Version 2.0 

If the fIrSt operand is a relocatable text-, data-, or bss- segment symbol, the second operand 
may be absolute (in which case the result has the type of the first operand); or the second 
operand may have the same type as the fIrst (in which case the result is absolute). If the 
fIrst operand is external undefined, the second must be absolute. All other combinations 
are illegal. 
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others It is illegal to apply these operators to any but absolute symbols. 

The following rules apply to fixed point arithmetic with two absolute expressions: 

+, - It is illegal to combine an II-bit fIXed point value with a I4-bit fixed point value. The type 
, of the resultant expression is either an II-bit or 14-bit fixed point value depending on the 

type of the operands. 

*,/ One of the operands must be a I4-bit fixed point value. If one of the operands is an integer 
. constant, the resultant type is integer. If one of the operands is an II-bit fIXed point con­
stant, the resultant type is an II-bit fIXed point constant. 

7. Pseudo-operations 

The keywords listed below introduce directives or instructions, and influence the later behavior of the 
assembler. The metanotation "[ stuff]" means that 0 or more instances of the given "stuff" may appear. 
Boldface tokens must appear literally; words in italics are substitutable. The pseudo-operations listed 
below are grouped into functional categories. 

7.1. Interface to Previous Pass 

# number [file-name ] 

This directive (normally produced by the C preprocessor) causes the assembler to believe it is on line 
number. The second argument, if included, causes the assembler to believe it is in fue file-name, 
otherwise the current file name does not change. The" #" must be in the fIrst column. 

7 .2. Segment Control 

.data [ expr ] 

.bss [expr] 

.text [ expr ] 

These three pseudo-operations cause the assembler to begin assembling into the text, data, or bss 
segment. If specified, the expression indicates a new value for the text or data location counter. Any 
memory locations skipped as a result of moving the location counter are zero filled. The expression 
must be defined and absolute; an omitted expression implies use of the current location counter 
value. The locations in the data and bss segments are mapped into the Chap scratchpad RAM; loca­
tions in the text segment are mapped into the Chap instruction RAM. 

Each instruction in the text segment increments the text segment location counter by one. Each word 
of data allocated in the data (bss) segment increments the data (bss) segment location counter by one . 

• comm symbol, expr 

Define a common block with size expr words. The .comm directive implicitly declares symbol as an 
external identifer. The symbol may not previously have been defined as other than a common block. 

chas does not allocate storage for common symbols; this task is left to the link editor, chid. The link 
editor computes the maximum declared size of each common symbol (which may appear in several 
fues), allocates storage for it in the fmal bss section, and resolves linkages . 

• space expr 

Add expr to the current location counter and zero ful the resultant space. The value of expr must be 
defined and absolute . 

• align expr 

Round the current location counter to the next multiple of expr. If the location counter is incre­
mented, the resultant space is zero fuled. The value of expr must be defined and absolute. 
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7.3. Initialized Data 

Scratchpad memory locations may be initialized at assembly time with two directives. Initialized memory 
locations must be specified as tessellated or untessellated. Data and bss segments generated by chid are 
guaranteed to start on a 16 word boundary in scratchpad memory. When tessellated and untessellated ini­
tialized memory locations are mixed in a single segment, chas automatically zero pads to a 4 word boun­
dary between each region. 

7.3.1. Un tessellated Data 

.word expr [ , expr ] 

The expressions in the comma-separated list are truncated to 16-bit values and assembled in succes­
sive locations without tessellation. Expressions supplied in a .word may be integer or fIXed point. 

If the previous initialization contained tessellated data, the location counter is aligned to a four word 
boundary prior to processing the untessellated data. 

7.3.2. Tessellated Data 

.pixel expr [ , expr ] 

The expressions in the comma-separated list are truncated to 16-bit values and assembled in a tessel­
lated manner in successive logical scatchpad memory locations. Expressions may be integer or fIXed 
point. Fixed point constants are stored in the appropriate fractional format (see §3.2). 

If the previous initialization contained untessellated data, the location counter is aligned to a four 
word boundary prior to processing the tessellated data. 

7.4. Symbol Dermitions 

7.4.1. External Symbols 

.globl name 

This statement makes the name external. If it is otherwise defmed by appearance as a label, it acts 
within the assembly exactly as if the .globl statement were not given; however, the link editor may 
be used to combine this object module with other modules referring to this symbol. 

Conversely, if the given symbol is not defmed within the current assembly, the link editor can com­
bine the output of this assembly with that of others which defme the symbol. The assembler makes 
all otherwise undefmed symbols external. 

7.4.2. Absolute Symbols 

.set name value 

This statement defines an absolute symbol name with value value. The symbol may not previously 
have been defined with type other than absolute. 

7.5. Default Instruction Duration 

.clock n 

This statement causes the instruction duration assigned each Chap microinstruction to be n clock 
cycles (unless specified explicitly in the instruction, see §8.10). By default the instruction duration is 
calculated according to a set of rules which are intended to provide a minimal value. If n is 0, chas 
resumes automatic calculation of the instruction duration. 

7.6. Multiplier Shift Control 

.shift qualifier n 

This statement defmes a multiplier input shift qualifier named qualifier. When used in qualifying a 
multiplier input the quantity is shifted"n places. Three qualifiers are predefmed as shown below. 

\~. t-t: 
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Qualifier 
comp 
alpha 
coeff 

Shift 
2 
3 
o 

Value Type 
component 
alpha channel 
coefficient 

-7-

Shift qualifiers share scope with "absolute" symbols. 

s. Chap Directives 

Directives for controlling the channel processor fall roughly into six categories: 

• controlling the 29116 ALU, 

• controlling the 29517 multiplier, 

• scratchpad memory address calculation, 

• managing movement of data through the datapaths, 

• sequencing, and 
• controlling the runner. 

Pseudo-operations 

In addition to the above, ehas directives exist for directly derming many of the microinstruction fields. 

Where data movement is involved, the assembler eliminates the need to give explicit directions regarding 
control signals. Instead, the architecture is presented at a register transfer level with the assembler translat­
ing register transfer requests into assertion of the appropriate control signals. The assembler, however, will 
not translate data transfer requests which would result in multiple Chap microinstructions; these are flagged 
as errors and reported to the user. 

S.l. ALU Control 

Most ALU operations are represented by assignment statements of the form 

data-location = expression; 

The possible ALU data locations are shown in Table 1. 

Assembler Interpretation 
rO, r1, ••• , r31 internal RAM location 
acc accumulator 
latch latched ALU data input 
ybus ALU data output 
link ALU status word link bit 
flag1 ALU status word flag 1 bit 
flag2 ALU status word flag2 bit 
flag3 ALU status word flag3 bit 
overflow ALU status word overflow bit 
negative ALU status word negative bit 
carry ALU status word carry bit 
zero ALU status word zero bit 

Table 1. ALU Data Locations. 

Expressions on the right hand side of an ALU assignment statement translate into 29116 operations. Thus, 
the expressions may be simple values (resulting, for example, in a "move" operation), or more complex 
values which utilize the 29116's arithmetic capability. Table 2 shows the correspondence between assem­
bler expressions and 29116 operations; op means an operand (either an ALU location or an expression), loe 
means an ALU location, and expr means an absolute constant expression. 

Commutative operators may have their op and loc parameters swapped. For example, op + loe is accepted 
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+ 
+ 
+ 
-f 
t, 

+ 
t-

-+-

Expression Instruction Type Opcode 

op single operand MOVE, COMP, INC, NEG 
loe - op [with earry] double operand SUBx [SUB xC] 
loe + op [with earry] double operand ADD [ADDC] 
loc & op double operand AND 
loc nand op double operand NAND 
loe A op double operand EXOR 
loc nor op double operand NOR 
loe I op double operand OR 
locxnorop double operand EXNOR 
loe« expr [nil with expr] single bit shift SHUPx 
loe» expr [rdl with expr] single bit shift SHDNxx 
r] pow2( expr) bit oriented LD2Nx [LDC2N] 
loe + pow2(expr) bit oriented A2Nx 
loe - pow2( expr) bit oriented S2Nx 
loe rotate expr rotate by n bits ROTRx 
loe rotmerge expr, mask rotate and merge ROTM 
prior(loe [, mask]) prioritize PRTx 
[reverse] ere crc CRCx 

Table 2. ALU Expression to Opcode Mapping. 
by the assembler. A few ALU operations are not expressible as "standard" assignments. Table 3 shows 
how these operations are represented to the assembler. Bit operations involving the status word use expres­
sions of the sort "overflow" or "zero". Bit operations on a single bit use an expression "bit(n)", to 
effect the nth bit in the word or byte. To request the overflow, carry, negative, and zero bits as an operand 
use "overflow, carry, negative, zero". 

Operation Assembler syntax 

bit set loe 1= bit(expr); 
bit set status loe 1= expr; 
bit clear loe &= bit( expr); 
bit clear status loe &= expr; 
bit test loe == bit(expr); 
bit test status loe == expr; 
rotate and compare loe == op rotmerge expr , mask; 
no-operation (an empty statement) 

Table 3. Miscellaneous ALU Operations. 

Finally, the ALU status flags may be disabled by compounding an ALU operation with "not see", i.e. 

{ALU-operation; not see; } 

(see stands for "status control enable", as defmed in the Chap instruction description). 

If an ALU operation is not specified, a no-operation is supplied by the assembler. 

8.2. Multiplier Control 

The 29517 multiplier inputs and outputs are referenced in much the same way as the 29116 ALU. 
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8.2.1. Input Control 

To supply an input to the multiplier a statement of the following form is used. 

multiplier-input = input-specification; 

The "multiplier-input" is either multx or multy. The "input-specification" identifies a source in the 
Chap from which the input value is to be obtained, as well as optional qualifiers to control and modify the 
data value. Input data is normally treated as a ~ quantity; this may be overridden on a per instruction 
basis with an explicit specification, ( .~ 

, ,,,,eu\ 
(signed) input-source t'II.":;l '5 
(unsigned) input-source 

In addition, the multiplier input data may be shifted one to three places before presentation to the 29517. 
Coefficient quantities are normally not shifted, while component values are shifted two places and alpha 
values are shifted three places. Shifting must be explicitly specified with an additional input qualification, 

(signed qualifier) input-source 
(unsigned qualifier) input-source 

Three qualifiers, coeff, comp, and alpha, are predefined by chas, others may be added with the .shift direc­
tive (see §7.6). 

8.2.2. Output Control 

Products generated by the 29517 can be accessed only 16-bits at a time. The least significant and most sig­
nificant portion of the product are referenced with 

Isp 
msp 

and may appear only on the right hand side of an assignment statement. 

The multiplier output is, by default, adjusted for 32-bit precision and not rounded. To affect either or both 
of these, the following statements must be specified at the time the last operand is supplied to the multi­
plier. 

round; 
adjust; 

(round product) 
(produce 31-bit product for multi-precision arithmetic) 

Finally, updating of the multiplier output register may be disabled by specifying 

notmee; 

(mee stands for "multipler clock enable"). 

The default values for round, adjust, and mee may be explicitly specified: 

not round; 
not adjust; 
mee; 

8.3. Datapath Control 

Datapath control signals are implicitly specified through· higher level assembler constructs which provide 
the programmer with a register transfer-like interface to the Chap. All data transfers in the machine are 
represented as assignment statements of the form 

data-destination = data-source; 

where data destinations and sources are either Chap "registers" (crossbar, scalar devices, runflag, etc.), 
multiplier inputs and outputs, or scratchpad memory locations. Chas translates statements of this type into 
assertions of the signals necessary to generate the data transfer. If multiple destinations are to be enabled 
on a data transfer, multiple assignment statements may be grouped into a single compound statement (using 
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braces), or multiple assignment statements may be cascaded. For example, to transfer data from a single 
source to multiple destinations, a statement of the form 

data-destination 1 = data-destination 2 = data-source; 

might be used. Chas will not translate an expression which would result in multiple Chap instructions; 
these are flagged as errors. 

8.4. Processor Register Mnemonics 

Table 4 lists the non-memory locations in the Chap where data can reside; memory references are dis­
cussed in the next section. 

Mnemonic Chap Location 
alu ALU input data latch/output Y -bus 
bO, ••• , b1S base registers 
iO, ••• , i1S index registers 
Isp least significant part of multiplier output 
msp most significant part of multiplier output 
pbus Pbus data register 
pbus aO Pbus address register 0 
pbus a1 Pbus address register 1 
pbuscsr Pbus control status register 
sp stack pointer register 
spad scratchpad address register 
status Chap status register (read-only) 
sysbus<n> Sysbus registers 
tos(pc) top of program counter return stack 
tos(lc) top of loopcounter stack 
tos(runflag) top of runflag stack 
wrxbar write crossbar 
rdxbar read crossbar 
yapbus Yapbus data buffer 
yapbus csr Yapbus control status register 

Table 4. Chap Non-memory Data Locations. 

Certain locations refer to different Chap registers depending on whether they appear on the left or right 
hand side of an assignment statement. For example, the alu keyword refers to the output Ybus register 
when used on the right hand side of an assignment, and the input data latch register when it appears on the 
left hand side. 

The Sysbus interface is presented as an array of 16 registers. To reference Sysbus register n, an expression 
of the form 

sysbus<n> 

is used. 

8.5. Scratchpad Memory 

References to scratchpad memory may be used as source or destination operands in an assignment state­
ment. There are four modes in which scratchpad memory may be accessed: component, pixel, broadcast, 
and indexed. Each access mode is represented to the assembler with a different syntax. 
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8.5.1. Scratchpad Access Modes 

Pixel access is indicated by a parenthesized expression, 

(expr) 

Using pixel access each processor reads and writes one component of a four component pixel value in the 
tesselated scratchpad memory. 

Component access is indicated by an expression of the form, 

<expr> 

Using component access all processors read and write the same component of four adjacent pixels. 

Broadcast access is indicated by an expression of the form, 

@expr 

Using broadcast access, all processors read from one location, while one processor writes to one memory 
location. 

Indexed accesses are represented by expressions of the form, 

[expr] 

In indexed mode each processor offers an index address to read four values; for writing, the processors 
write to four components of a scratchpad pixel pointed to with the base and index register mechanism 
described below. Index mode accesses to scratchpad memory are untessellated. 

8.5.2. Scratchpad Address Calculation 

The "expression" supplied in a scratchpad memory reference is composed of a scratchpad address and, 
optionally, a component override directive. Scratchpad addresses may be setup ahead of time in the 
scratchpad address register spad (to take advantage of pipeline overlaps), or calculated "on the fly" in 3 or 
4 clock tick instructions. 

Addresses for component, . pixel and broadcast mode accesses are calculated from a base register and an 
index register. Either the value of the base register or the sum of base and index registers may be used. In 
addition, in the same instruction, the resultant address calculation may be stored back into the base register; 
this allows for pre- and post- auto-increment and auto-decrement access modes. 

An address is specified as the contents of a base register, or the sum of a base and index register, 

base-reg 
base-reg + index-reg 

Base registers are denoted by bO, bl, ... , b15 while index registers are denoted by iO, iI, ... , i15. 

To force an address to be stored into the base register involved in the calculation, an assignment statement 
should be specified in the same instruction indicating the value to be stored. The following examples illus­
trate the four possibilities. 

acc = (bO); 
acc = (bO+iJ); 
{ acc = (bO); bO = bO + i3; } 
{ acc = (bO + iJ); bO = bO + i3; } 

As a convenient shorthand, the following are treated identically 

bn = bn + in; <=> bn++; 

Note that if an index register is loaded with a (2's complement) negative value, the base register will be 
decremented. 

Addresses for index mode accesses must come from the Abus. This means the address may still be stored 
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in a base register, but it can not be computed from the sum of a base and index register, unless carried out 
ahead of time in an alu. To use an Abus value, or other register, for an index mode address, one simply 
references it For example, 

mula = [rO + ace]; 

computes the index mode address in each alu. 

8.5.3. Scratchpad Address Component Selection 

The base and index mechanism for scratchpad memory access provides a pointer to a four component 
scratchpad location. To complete the scratchpad memory reference, a "component select" field must be 
specified. In pixel access this field specifies whether the processors receive RGBA, GBAR, BARG, or 
ARGB. In component access this field specifies whether the processors receive red, green, blue, or alpha. 
In broadcast mode, this field is used only when writing and indicates the processor from which the value is 
to be taken. In indexed mode this field is unused. 

In pixel access, the default component select is RGBA. To override this value an expression of the form 

(expr, gbar) 

may be supplied (where the symbol gbar is defined to be 1, barg is 2, and argb is 3). 

In component access the default component select is red. To override the default value an expression of 
the form 

<expr, green> 

may be used (where the symbol green is defined to be 1, blue is 2, and alpha is 3). 

In a broadcast mode write, the default component select is for processor 0 to perform the write. To over­
ride the default value an expression of the form 

@expr,3 

may be used. 

In indexed mode any component select is ignored (the assembler always sets the field to 0). 

8.6. Sequencing 

8.6.1. Low-level Sequencing 

Flow control in the Chap is expressed with a set of commands to the sequencer and runner. Each command 
has its own syntax: 

jsr destination 
jsr [cc-spec ] to destination 
push [loopcounter] 
pop [pop-count] 
ifdo [cc-spec] otherwise destination 
ifelse [cc-spec] otherwise destination 
continue [cc-spec ] 
elsedo [n] otherwise destination 
force processors 
dowhile [cc-spec] 
while do [cc-spec] otherwise destination 
break [n] [cc-spec] [to destination] 
return [n] [cc-spec] 
goto destination 

The commands are as described in the "Chap Instruction Description". A condition code specification, 
cc-spec, is of the form 
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[ any I all] [! I not] cc 

where the '! or 'not' inverts the local condition code polarity (taking the "not" of the logical test to be 
true) and the any and all qualifiers are used to check a condition over any or all processors. The return, 
break, and else do commands take an optional pop count expression, n, which defaults to one. The push 
command takes an optional loopcounter argument which defaults to zero. If no sequencing request is 
specified for an instruction, chas supplies a command which sequences to the next instruction. The desti­
nation, loopcounter, and processors arguments may be any expression which is accessible on the scalar 
bus. 

A condition code, cc, is one of the followingt 

true 
false 
stackover 
videosync 
Ic zero 
yapbus busy 
pbus busy 
sysbus busy 
sysbus read 
sysbus write 
negative 
positive 
zero 
overflow 
carry 

(stack overflow) (sect\Je.. .. c..~1"" ~~"-) . 

(video sync active) (ftJjl),. Jefe.",J\""j .,"" ~\\,(..k.. ""io.\~ ~ 'v-..\.\t'("'~'-e. ." J ~~'fl"0eaJ 
(loopcounter zero) (s.r .... 'o...te r-e5 .. ,~4E!r e~\\e<1 l~ofcv~""-\:; ~1a> c\l.ec.\L.ec.l~ 

(ALU status N set) 
(not ALU status N or Z set) 
(ALU status Z set) 
(ALU status N A OVR set) 
(ALU status C set) 

Conditions codes related to the ALU may also insert 'alu' before the condition code specification; e.g. 'alu 
carry'. 

The full condition code specification may limit the list of source processors by appending an expression of 
the form 

[processor-list] 

where a "processor list" specifies a set of processors by number or channel assignment For example, to 
check the carry flag in the ALU of processors 0 and 3 only, the following expression could be used, 

carry [0, 3] 

For sequencer commands which have two corresponding sequencer instructions, the instruction chosen is 
dependent on the condition code specification. If the condition code selected is independent on the state of 
the runflags (true through sysbus write), then the runflag-independent sequencer instruction will be used. 
Otherwise, the use of any or all in the condition code specification forces a runflag-independent instruction 
to be used. For example, consider the following sequencer commands: 

ifdo Ic zero otherwise .+1 
ifdo alu zero otherwise .+1 
ifdo any alu zero otherwise .+ 1 

In the flfst command chas would use "ifd04" because the condition code was independent of the runflags. 
In the second and third commands the condition code is runflag-dependent, and so "ifdo" is used for the 
second command, while "ifd04" used in the third (since any is specified). 

t For compatibility with previous versions of chas. the following condition codes are also accepted: Ie <=, <, and <=. 
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8.6.2. High-level sequencing 

Several high~level control constructs are available for program flow control. These constructs expand into 
multiple Chap instructions which use the low-level sequencing instructions previously described. In the 
following table cc-spec refers to a condition code specification (as above) and block refers to a set of one 
or more statements. The cc-check is an optional coos statement which [is expected to] generate the condi­
tion code status for the sequencer instruction. 

if cc-spec [(cc-check)] then block Ii 
if cc-spec [(cc-check)] then block else block Ii 
do block while cc-spec [(cc-check)] done 
while cc-spec [(cc-check)] do block done 
loop expr do block done 

The "if", "do", and "while" constructs have obvious meaning. The "loop" construct is used to perform 
the block of code expr times, using the loopcounter. 

The "do" and "while" constructs expand to include a 'push 0' instruction at the top of the loop. Thus 
they are unusable with an 'Ic zero' condition code; instead the "loop" construct should be used. 

8.7. Yapbus-Pbus Auto-increment 

To request the Yapbus or Pbus pointer auto-increment facility either, or both, of the following may be 
specified: 

yapbus++; 
pbus++; 

8.8. Runner Control 

To restrict the default actions of the runner for a single instruction, an immediate runflag may be specified 
with statements of the form, i 1. 1. i 

3 3. \ 0 
runflag = expr; ~ b .5 r 

expr is 4-bit number specifying a runflag value. Biti corresponds to processor i, (i=0,1,2,3). A 1 indicates 
that the processor is active; a zero, that it is inactive. The runflag is the logical and of this value and the 
default runflag. 

8.9. Breakpoint Control 

To request the Chap to breakpoint on an instruction (saving state and stopping the clock), a statement of the 
form 

bpt; 

may be specified. 

8.10. Special Bit 

Coos attempts to recognize situations where the "special bit" is required and generate the flag automati­
cally. To guarantee the value of the special bit, it may be explicitly specified. 

special; 
not special; 

8.11. Instruction Duration 

Chas attempts to automatically generate the minimum instruction duration for each instruction assembled. 
In case this value must be explicitly set, the .clock directive described in section §7.5 may be used. Alter­
natively, to override the default calculation on a per instruction basis, the duration may be specified expli­
citly, 
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n ticks; 
n tick; 

where n is between 1 and 4. 

8.12. Abus Component Selection 

When moving data from the Abus to a scalar device on the Sbus it is necessary to specify one of the four 
possible Abus arithmetic units as the actual source of data. By default, chas selects arithmetic unit 0, but 
this may be changed by appending an explicit specification of the form 

[processor] 

where processor is a number, 0, 1, 2, or 3. * Thus, for example, to assign the lower 16 bits of the multiplier 
output from processor 3 to base address register 5, the following expressions would be used: 

bS = Isp[3]; 

* The processor number used is actually the modulus of the indicated value. Thus, processor 4 translates to processor O. 
processor 5 to processor 1. etc. 
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9. Caveats and Notes 

• The algorithm used in calculating instruction durations is the following. For each chas assignment 
statement the minimal instruction duration is calculated as described in Appendix 1 of "The Chap 
Instruction Description". If multiple assignment statements are grouped in a single Chap instruction 
with "{}", the duration of the overall instruction is the minimum of the durations for each expres­
sion. This implies that a construct such as 

{ multx = rdxbar; rdxbar = (bO+iO); } 

will be assigned an instruction duration of two clock ticks and result in the x input to the multiplier 
receiving whatever value is currently being fetched from scratchpad memory. Contrast this with the 
same instruction, but with a 3 clock tick duration: 

{ multx = rdxbar; rdxbar = (bO+iO); 3 ticks} 

This construct is equivalent to 

multx = (bO+iO); 

In general, whenever pipeline overlaps are being utilized in programs, the statements which assume 
the pipeline overlaps should provide explicit instruction durations. 

• While coos will not assemble complex expressions which would require multiple Chap instructions, 
it may be forced to generate multiple instructions when presented with a data transfer which requires 
the "special bit" (described in the Chap Instruction Description). To force coos to print warnings 
about automatic generation of the special bit, the -s flag should be specified on the command line. 

• The runtime monitor, charm, and the dynamic loader, chload, which load assembled modules into a 
Chap, merge .global bss and data segments (when possible) to allow data structures to be shared 
between modules. 
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Appendix: Sequencer Instructions 

This appendix describes the low-level control commands mentioned in 8.6.1. 

The chap instruction word contains many fields of information; the sequencer instruction occupies a small 
subset of these fields. Each sequencer instruction is executed in parallel with any other bus, ALU, or mu1-
tiplication operations specified in the instruction word. 

The sequencer's job is to oversee chap instruction execution. Toward this end the sequencer maintains the 
the program counter (PC), and the runflag (RF), that specifies which of the four processors may potentially 
execute the next instruction. Just as the computed PC is the PC for use in the next instruction, the RF is the 
RF for use in the next instruction. LP A loop counter (LC) is also provided as part of the sequencer's con­
trol facility, relieving the ALU of some decrement and test duties, but more importantly, allowing nested 
loops. For nested control structures, the sequencer maintains a stack to save the state of PC, RF, and LC. 

The following is a description of each sequencer instruction and how it is used. Boldface indicates an 
assembler reserved word. Italics indicates a user-specified expression or condition code. Items in brackets 
are optional. cc-spec defaults to true. 

jsr destination --- jump to subroutine 

jsr [cc-spec] to destination 

The fust form of jsr pushes PC+ 1 and sets PC to destination, thus performing a standard subroutine call. 
The second form specifies an optional condition code. If cc-spec is true for any processor, a normal jsr is 
performed as just described. If cc-spec is false for all processors, no special sequencer action is taken and 
PC is simply incremented. Note that since cc-spec defaults to true, jsr to destination means the same as 
jsr destination. 

push [loopcounter] --- define the top of a dowhile loop 

The push instruction stores PC+l, the optionalloopcounter, and RF on the stack and then increments the 
stack pointer. Push is normally used to defme the top of a loop for dowhile. Loopcounter is optional, 
often used to specify the number of iterations for dowhile not Ic zero. Loopcounter may be an ALU 
expression. 

ifdo [cc-spec] otherwise destination --- simple conditional 

If cc-spec is true for any processor, PC+ 1 and a new value of RF are pushed and execution continues at 
PC+ 1. Each processor for whom cc-spec was false has its RF bit turned off. If cc-spec is false for all pro­
cessors, execution continues at destination. Normally, the statement label destination is preceded by a pop. 
Be sure that the stack is popped exactly once for each executed ifdo. 

ifelse [cc-spec] otherwise destination --- two part conditional 

When used in conjunction with eIsedo, IfeIse allows the programmer to specify that each currently running 
processor will execute either of two blocks of code. If cc-spec is true for any processor a new RF is pushed 
and execution continues at PC+ 1. Each processor for whom cc-spec was false has its bit turned off in the 
new RF. If cc-spec is false for all processors, the current RF is pushed and execution continues at destina­
tion. The frrst block of code is normally followed by an elsedo preceding the statement at destination. The 
second block of code must be followed by a pop or other instruction that pops the stack. 

ifd04 and ifelse4 
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These instructions are never used explicitly, but are generated by chas( 1) when the condition code specifi­
cation "any" or "all" is used, and when the condition code is not processor dependent. Ifd04 and ifelse4 
are identical to ifdoand if else, respectively, except that they do not alter RF. This means that all currently 
running processors will execute or not execute a given block of code. 

continue [cc-spec] --- goto top of loop 

If cc-spec is true for any processor, continue loads PC from the top of the stack. continue most often 
appears at the bottom of a whiledo loop. Continue is also commonly used from within a dowhile or 
while do loop to skip the remaining instructions in a loop. 

force processors --- set runflag 

force sets RF to the designated value and pushes the stack. Be sure to pop the stack before leaving the 
affected block of code. 

dowhile [cc-spec] --- loop until 

If cc-spec is true for any processor, dowhile loads PC form the top of the stack and decrements LC. Each 
processor for whom cc-spec is false has its RF bit turned off. If cc-spec is false for all processors, the stack 
is popped and control passes to PC+1. Normally, a Push instruction precedes the top of a dowhile loop. 

whiledo [cc-spec] otherwise destination --- loop while 

If cc-spec is true for any processor, LC is decremented and control passes to PC+ 1. Each processor for 
whom cc-spec was false has its RF bit turned off. If cc-spec is false for all processors, control passes to 
destination. Normally, whiledo is preceded by a push. The bottom of a whiledo loop is normally a con­
tinue. 

dowhile4 and whiled04 

These instructions are never used explicitly, but are generated by chas(l) when the condition code specifi­
cation "any" or "all" is used, and when the condition code is not processor dependent dowhile4 and 
whiled04 are identical to dowhile and while do, respectively, except that they do not alter RF. This means 
that all currently running processors will execute or not execute a given block of code. 

elsedo [n] true otherwise destination --- else portion ofifelse 

Eisedo is normally used following an ifelse. The current RF is complimented and AND'ed with the RF 
stored on the stack, turning on each processor whose cc-spec was false when the ifelse was executed. The 
new RF is then tested and if it is nonzero, execution continues at PC+l. If the new RF is zero, the stack is 
popped and execution continues at destination. A pop should precede the statement at destination. N is the 
number of pops to perform and may equal 1, 2 or 3; the default is one pop. This cleans up the stack when 
transferring control, for example, from within a loop. 

return [n] [cc-spec]--- returnfrom subroutine 

If cc-spec is true, PC, RF, and LC are loaded from the stack and the stack is popped. N is the number of 
pops to perform and may equal 1, 2 or 3; the default is one pop. This cleans up the stack when returning, 
for example, from within a loop. No-op if cc-spec is false. 

break [n] [cc-spec] [to destination] --- exit a loop or conditional 

If cc-spec is true for any processor, control passes to destination and the stack is popped. N is the number 
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of pops to perform and may equal 1, 2 or 3; the default is one pop. This cleans up the stack, for example, 
when breaking out of a nested loop. If cc-spec is false, control passes to PC+1. Normally, break to is 
used to "break out of' an ifdo, if else, dowbiIe,or wbiledo. break with no destination causes the chap to 
halt and interrupt the host. Break is the same sequencer instruction as return, but with tos(pc) set to desti­
nation. 

endfBpop [nj--- pop the stack 

Chas(l) generates a dowbile (false) from either of these two instructions. Push is usually used to define 
the top of a wbiledo or dowhile loop and to end an ifdo or ifeIse. N is the number of pops to perform and 
may equal 1, 2 or 3; the default is one pop. 

goto destination 

goto passes control to destination. Chas(l) generates an ifdo (false) for this instruction. 
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Appendix: Sequencer Instruction Table 

The following table gives a quick summary of each sequencer instruction. PC, LC, and RF have the same 
meaning as in the previous appendix. Runner condition (RC) is used in this table to calculate the next 
value of RF - it has a bit set for each processor for whom cc-spec is true. 

In general, "Sbus" means the immediate field of the instruction. However, for many instructions, including 
push, chas(l) will generate the appropriate multi-word instruction to load "Sbus" from any source, includ­
ing theALU. 

Sequencer Condition TRUE Sequencer Condition FALSE 
n name PC LC RF stack PC LC RF stack 

0 jsr Sbus n/c n/c push PC+l n/c n/c n/c 
1 push PC+l Sbus n/c push PC+l Sbus n/c push 
2 ifdo PC+l n/c RF&RC push Sbus n/c n/c n/c 
3 ifelse PC+l n/c RF&RC push Sbus n/c RF&!RC push 
4 ifd04 PC+l n/c n/c push Sbus n/c n/c n/c 
5 ifelse4 PC+l n/c n/c push Sbus n/c n/c push 
6 
7 force PC+l n/c Sbus push PC+l n/c Sbus push 

8 dowhile stack LC-l RF&RC n/c PC+l stack stack pop 
9 whiledo PC+l LC-l RF&RC n/c Sbus stack stack pop 

10 
11 continue stack n/c n/c n/c PC+l n/c n/c n/c 
12 dowhile4 stack LC-l n/c n/c PC+l stack stack pop 
13 whiled04 PC+l LC-l n/c n/c Sbus stack stack pop 
14 elsedo PC+l n/c !RF&stack n/c Sbus stack stack pop 
15 return/break stack stack stack pop PC+l n/c n/c n/c 

Moving to the next instruction is accomplished by continue(FALSE) or jsr(FALSE). An else4 command is 
missing because it is equivalent to whiledo4(FALSE) . 

.. bvloM(f.,.-\..\(/'\"'\l,:::) ~~v\~rC)o..~ec.l b.,j ..Ic-lAc:. 4.. .. $s-\\.\.b\-e..r- ',~ \~I/\.~'t ~(" "C .... l\'1 c.o",,-J;t'lO\l....-
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Copyright 1986, Pixar 

This document describes the usage and syntax of the Pixar Channel Processor Runtime Monitor charm. 
Readers of this document should be familiar with the Chap architecture; no description is presented 
here. 

The runtime monitor serves two functions. It primarily acts as an interactive debugger, similar to adb, 
for programs executing in a Chap. Second, it may be used to dynamically link-edit and relocate object 
modules produced by the Chap Assembler, chas. Charm executes on a host machine, communicating 
with a Chap through a memory",mapped bank of diagnostic registers on the Pixar-Host Interface Board 
(PHIB). Certain asynchronous events in the Chap are communicated to charm through UNlXt signals. 

1. Usage 

Charm is invoked as follows 

charm [-x] [-Idir] [ chap-device] 

The -x flag instructs charm to open. the specified Chap device with exclusive access; this overrides the 
normal shared access mode. 

If a specific Chap is to be used, its associated file may be specified on the command line; charm uses 
"/dev/chapO" by default. 

The -I flag may be used to specify directories containing command scripts. Normally, charm searches 
only in the directory "/ul/gfx/pixar/chap/lib/charm". Multiple directories may be specified using -I 
several times. 

2. Charm Facilities 

2.1. Linking and Loading 

Charm allows the user to load individual files containing relocatable object modules. If a file contains 
references to symbols defined in code already resident in the Chap, these references are patched to 
reflect the resident code. Similarly if a file defines new symbols, unresolved in code already resident, 
charm will patch the references in the resident code. Charm will permit modules to be loaded with 
undefined references, but will not load a module if it redefines symbols already resident in the Chap. 

Loading programs into the Chap requires several tasks other than resolving undefined references: 

1. Load instruction and scratchpad RAM. 

2. Bind relocatable references based on locations assigned to load modules. 

3. Record the load module and global symbol locations in the symbol table maintained on the host. 

Charm performs the first two tasks during the linking-loading phase. The symbol table is updated upon 
exiting charm. 

t UNIX is a trademark of Bell Laboratories. 
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2.2. Segment Mapping 
In accordance with the Harvard architecture of the chap, Cho.rm maps the text segment of relocatable 
object modules into the Chap instruction RAM and the data segment into the scratchpad RAM. Space is 
allocated to segments using tables maintained by the operating system. In addition to the kernel-based 
allocation tables, a symbol table is maintained for each Chap connected to a host. Symbol table 
maintenance is 'by convention'-no operating system support (other than synchronizing access to the 
symbol table file) is utilized. 

2.3. User Control 

With charm, a user may: 

• examine or modify the contents of scratchpad, instruction RAM, or processor registers 

• set breakpoints 

• single step a Chap program 

• trace the contents of scratchpad and processor registers 

• load and bind programs 

Charm uses the diagnostic interface to the Chap to· provide all of these facilities. 

3. Command Language Interface 

Charm's user interface is very similar to that of the UNIX debugger adb (1)*. Charm uses a symbol 
called ".", or "dot" to refer to the current address (i.e., the address of the last item printed). 

When cho.rm is ready to accept commands from the keyboard, it prompts with "> " and waits for 
input. In general, requests to cho.rm are of the form 

[address] [, count] [command] [;] 

If address is present, dot is set to address. Initially dot is set to O. For most commands count specifies 
how many times the command should be executed. The default count is 1. Address and count may be 
expressions. 

3.1. Expressions 

Charm processes two types of expressions: those involving scalar quantities, and those involving vectors 
(of length 4). Where two scalar expressions are combined, the obvious arithmetic is performed. Com­
bining two vector expressions results in a component by component application of the appropriate 
operator. When a vector and a scalar are combi~ed, the scalar is combined with each element of the 
vector to generate a vector result Constants are considered scalars. 4-way registers (e.g. the ALU 
accumulator) are treated as vector expressions. 

The value of dot. 

+ The value of dot incremented by the current increment. 

The value of dot decremented by the current increment. 

The last address typed. 

integer A number. The prefixes "Ox" and "OX" force interpretation in hexadecimal radix; the prefix 
"0" forces interpretation in octal radix; "Ot" and "OT" force interpretation in decimal radix. 
If no prefix appears, the default radix is used; see the $d command. The default radix is ini­
tially decimal. The hexadecimal digits are 0123456789abcdefABCDEF, with the obvious 
values. 

integer fraction 
A 16-bit Pixar fixed-point number. If the fraction is followed by an e or E, the number is 

* Adb is one of the debuggers associated with Unix. A possible source of answers to questions about Chann is "A Tu­
torial introduction to ADD", in the "Supplementary Documents" part of the Unix programmer's manuals. 

M!lU 10 10~h 
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treated as a component value (eleven bits of fraction). By default, fixed-point numbers are 
treated as component values. The integer portion of a fixed-point number must be specified in 
base ten, either explicitly with a "Ot" prefix, or implicitly by setting the input radix to 10; see 
the $d command. If the fraction is followed by an f or F, the number is treated as a 
coefficient value (fourteen bits of fraction). 

<.name The value of name, which is either a variable name or a register name. Charm maintains 36 
variables: a-z and 0-9. The register names are the same as those used by the Chap assembler; 
§ 3.4 provides a complete list. 

symbol A symbol is a sequence of upper or lower case letters, underscores, or digits, not starting with 
a digit. The backslash character \ may be used to escape other characters. The value of the 
symbol is found by first checking the list of known registers, then, failing there, looking in the 
symbol table. 

(exp) The value of the expression expo 

Monadic Operators 

*exp The contents of the tessellated scratchpad location addressed by exp. 

@exp The contents of the untessellated scratchpad location addressed by expo 

-exp Integer negation. 

exp Bitwise complement. 

!exp Logical negation. 

Dyadic operators 

Dyadic operators are left-associative and less binding than monadic operators. 

el +e2 Integer addition. 

el-e2 Integer subtraction. 

el * e2 Integer multiplication. 

el%e2 

el&e2 

elle2 

el#e2 

Integer division. 

Bitwise conjunction. 

Bitwise disjunction. 

Round el up to the next multiple of e2. 

3.2. Commands 

Most commands consist of a verb followed by a modifier or list of modifiers. The following verbs are 
available. 

?/ Locations starting at address in instruction RAM are printed according to the format f. Dot is 
incremented by the sum of the increments for each format letter. 

If Locations starting at address inscratchpad RAM are printed according to the format / and dot is 
incremented as for "?". 

=/ The value of address itself is printed in the styles indicated by the format f. (This may not be 
used with the i format.). 

A format, f, consists of one or more characters that specify a style of printing. Each format may be 
preceded by a decimal integer that is a repeat count for the format letter. While stepping through a for­
mat, dot is incremented by the amount given for each format letter. If no format is given, the last for­
mat is used. 

Lower-case letter formats used with the I operator force charm to interpret the address as a tessellated 
address; upper-case letters cause the address to be interpreted as un-tessellated. 
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The format letters available are as follows: 

0 I Print the value in octal (0 for untessellated). 
d I Print the value in decimal (D for untessellated). 
x I Print the value in hexadecimal (X for untessellated). 
u I Print the value as an unsigned decimal number (U for untessellated). 
e I Print the value as an II-bit fixed point number (E for untessellated). 
f I Print the value as a I4-bit fixed point number (F for untessellated). 

I Print the value as a machine instruction. 
a 0 Print the value of dot in symbolic form. Symbols are checked to ensure that 

they have an appropriate type as indicated below: 
I local or global ,data symbol 
? local or global text symbol 
= local or global absolute symbol 

(A for untessellated). 
p I Print the addressed value in symbolic form using the same rules for symbol 

lookup as a (P for untessellated). 
b 0 Print the value of dot in, the .form pixel.component, where the specified com-

ponent is one of "RGBA" (B for untessellated). 
z I Print the addressed value in the form pixel. component, as for the b format (Z 

for untessellated). 
t 0 When preceded by an integer, tabs to the next appropriate tab stop. For 

example, 8t moves to the next 8-space tab stop. 
r 0 Print a space. 
D 0 Print a newline. 
" " 0 Print the enclosed string. 

Dot is decremented by the current increment; nothing is printed. 
+ Dot is incremented by I; nothing is printed. 

Dot is decremented by I; nothing is printed. 
c 1 Print the value as an ASCn character. Control characters are printed as AX 

and the delete character is printed as "? 
s n Print a string of characters (terminated by a null byte). 

newline 
Repeat the previous command with a count of 1. 

[?I]w value ... 
Write a 1-word value into the addressed locations. If the command is W, the address is treated 
as untessellated. If the address expression is 4-way, the value is written to each of the four com­
ponents. Multiple values are written into consecutive locations. If a count is specified, the write 
command is repeated count times with dot incremented each time (useful for clearing a block of 
scratchpad). 

>name 
Dot is assigned to the variable or register named. If a 4-way register is specified and dot is a 
scalar expression, its value is assigned to each component of the register. Assigning a vector 
expression to a variable causes it to be treated later as a vector expression. 

$modifier 
Miscellaneous printing commands. The available modifiers are: 

</ Read commands from the file f. If this command is executed in a file, further commands in 
the file are not seen. If f is omitted, the current input stream is terminated. If a count is 
given, and is zero, the command will be ignored. The value of count will be placed in 
variable 9 before the first command in f is executed. 

<</ Similar to < except it can be used in a file of commands without causing the file to be 
closed. Variable 9 is saved during the execution of this command and restored when it 

Mav 19. 19R1l 
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completes. There is a (small) finite limit to the number of « files that can be open at once. 

>/ Append output to the file f, which is created if it does not exist If / is omitted, output is 
returned to the terminal. 

a Print the scratchpad address registers. If count is specified, only the first count registers are 
displayed. 

b Print all breakpoints and their associated counts and commands. 

c Print a stack backtrace. The backtrace shows the value of the pc, Ic, and runftag at each 
level in the stack. If count is given, only the first count frames are printed. If address is 
specified, the backtrace commences at that stack level. 

d Set the default radix to address and report the new value. Note that address is interpreted 
in the (old) current radix. If no radix is specified, charm reports the current radix. 

e Print the names and values of external symbols. If an address is specified, it is interpreted 
as a symbol table type; the possible values are: 2 (absolute symbols), 4 (text symbols), 6 
(data symbols), and 8 (bss symbols). 

I Print the names and values of local symbols. Any address specified is interpreted as for e. 

m Print the segment (load) map. 

p Print the contents of the Pbus registers and the Pbus data buffer. If count is given, only the 
first count entries in the Pbus data buffer are displayed. 

q Exit from charm (SQ and AD work as well). 

r Print the registers of each ALU, the loop counter, the stack pointer, and the instruction 
addressed by the pc. Dot is set to pc. If address is specified, it is interpreted as a. bitmask 
of processors for which ALU registers should be displayed. If count is given, only the first 
count ALU registers are displayed. 

u Print the name of each unresolved symbol and the modules in which the symbols are refer-
enced. 

v Print all non-zero variables in hexadecimal. 

x Print the contents of the crossbar. 

y Print the contents of the Yapbus registers. 

S Set the limit for symbol matches to address (default 255). 

W Set the page width for output to address (default 80). 

: modifier 
Manage the execution of the Chap. The available modifiers are: 

be Set a breakpoint at address. The breakpoint is executed count-l times before causing a 
stop. Each time the breakpoint is encountered, the command c is executed. If this com­
mand is omitted or sets dot to zero, the breakpoint causes a stop. 

d Delete the breakpoint at address. 

c The Chap is continued. If address is given, then the processor is continued at this address. 
Breakpoint skipping is the same as for r. 

fe Specify a set of commands c to be executed each time the Chap is stopped by a : com­
mand. More explicitly, the "format" commands are executed after each single-step, next, 
run, continue, or halt command. If a command string is not specified, the current one is 
displayed. 

h Halt the Chap. 

If Load and bind a chas output file f. Charm will try to resolve any undefined external refer­
ences in / from code currently resident in the Chap. Failure to resolve references is 
reported on the standard output. The file is searched for in the list of directories shown 
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with the :p command. If a file is not specified, the last file specified in a :u or :1 command 
is used. If no "last file" is available, charm tries to load the file "chap.out", or, failing, 
"chas.out" . 

n As for :s except that if the current instruction contains a jump to subroutine sequencer 
instruction, the subroutine is run at full speed with the Chap halted at the instruction 
immediately following the return. If the Chap had not previously been started with an r 
command, the n command will do this. 

pp Set the "load searchpath" to p. The path is a list of directories to search for loadable files. 
Searchpaths must be separated by colons. If no path is specified, the current load path is 
displayed. The default load path is ".:/ul/gfx/lib:/ul/gfx/pixar/chap/lib". 

r Begin execution of the Chap. If address is given explicitly, then the program is entered at 
this point; otherwise the program is entered at its standard entry point Count specifies how 
many breakpoints are to be ignored before stopping. 

s As for :e except that the Chap is single stepped count instructions. If the Chap had not 
been previously started with an r command, the s command will do this. 

uf Unload the file f. That is, reclaim the instruction and scratchpad memory associated with 
file and remove the related allocation information from the symbol table. When no file is 
specified, charm searches for a file as described under the :1 command. 

3.3. Variables 

Charm provides a number of variables. Certain named variables are set initially by charm and used in 
the print commands (see below). Numbered variables are used to communicate various dynamically­
changing values. 

0 
1 
2 
9 

The last value printed. 
The last immediate field of an instruction. 
The previous value of variable 1. 
The count on the last $< or $« command. 

a 
f 
p 
r 

Number of registers to print with the $a command. 
"Runfiag" to use in limiting printing with the $r command. 
Number of data buffer entries to print with the $p command. 
Number of registers to print with the $r command. 

s Number of registers to print with the $s command. 

3.4. Registers 

Charm allows Chap data registers to be referenced symbolically. Register names are identical to those 
used by the Chap assembler chas wherever possible. A component of a vector register may be 
specified with [exp], where exp is an expression as described in §3.1. A sysbus register is specified, as 
in CMs, ssysbus<exp> where, once again, exp is an expression. The following list shows the names of 
registers as understood by charm. 

aO, al 
ace 
admux 
bO, ••• , blS 
iO, ••• , i1S 
Ie 
Isp 
msp 
multx 
multy 

Pbus address registers 
~tJ accumulator 
address portion of the crossbar 
Scratchpad base address registers 
Scratchpad index registers 
Loop counter 
Least signifcant part of multiplier output 
Most significant part of multiplier output 
Multiplier X-input 
Multiplier Y -input 

M~" 10 102~ 

4-way 
4-way 

4-way 
4-way 
4-way 
4-way 



pc 
pcsr 
rO, ••• , r31 
rdmux 
rf 
sp 
sysbus 
status 
wrmux 
ycsr 
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Program counter 
Pbus control status register 
ALU internal registers 
read portion of the crossbar 
Runfiag 
Stack pointer 
Sysbus shared data register 
Chap status register 
write portion of the crossbar 
Yapbus control status register 

4-way 
4-way 

4-way 
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The Format of Stored Pictures 

ABSTRACT 

This memo presents the Pixar picture storage standard. Pictures can be of arbitrary 
resolution, with either dumping or run length encoding of any subset of RGBA chan­
nels. Pictures are tiled, allowing for efficient recall of subwindows. 8 and 12 bits per 
channel are handled. 

1. The Picture File 

Note: This paper describes the file format for storing pictures used by routines in Pixar Software 
Release 1.0. Routines like gt, sv, and gtinfo use this format, biding the storage details from the user. 
This material is recommended only for those who wish to write their own storage and retrieval routines 
or device drivers. - Pixar Documentation 

The standard for picture storage at Pixar is intended to accommodate several different picture formats: 
multiple channels; different numbers of bits per channel; encoded and dumped format; arbitrary picture 
size. Large pictures can be handled by breaking the picture into smaller uniform rectangular pieces 
called tiles. Thus, a 1024 x 512 picture could be broken up into eight 256 x 256 tiles. All pictures are 
stored with a 512 byte picture header describing the picture format, followed by pointers to the start of 
each encoded tile, followed by the pixel data of each tile. 

We normally save encoded, one-tile, 1024 x 768 pictures, stored in 8K (8192) byte blocks. The pixel 
aspect ratio 1:1. 

1.1. Picture Headers 

byte number # bytes name description 

000 4 magic number OxOOOOE880 
004 2 version number 0 
006 246 label Ascii description 
252 4 labelptr ptr to label continuation 
416 2 picture height pixel height of full picture 
418 2 picture width pixel width of full picture 
420 2 tile height pixel height of each tile 
422 2 tile width pixel width of each tile 
424 2 picture format four bits designating RGBA 
426 2 picture storage encoding and number of bits 
428 2 blocking factor 
430 2 alpha mode matted-to-black:O ; unassociated: 1 
432 2 x offset horizontal offset for picture 
434 2 yoffset vertical offset for picture 
448 4 unused 
452 28 unused 
512 8*n tile pointer table 4-byte pointer, 4-byte length 

Numbers preceded by Ox ... are hexadecimal; all other numbers are decimal. Multiple-byte data are 
stored with the least significant 8 bits in the first byte. The first 4 bytes of each picture are (Ox80, 
OxE8, OxOO,OxOO). 
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1.2. Label 

The picture label is read as. an ASCII description by various picture handling programs. There are no 
rules about what can be stored in the picture label, except that null and control characters may interfere 
with the printing of the label. The first 246 characters are stored in the picture header, but labels can 
be arbitrarily long. A label pointer stored in the header points to any continuation. Further label infor­
mation may be allocated in chunks the size of the blocking factor, with the last four bytes of that chunk: 
reserved for a link: to further blocks. 

Picture height and picture width must be positive numbers. Tile height and tile width must be positive 
numbers not greater than picture height and width, respectively. Normally, a picture has one tile, so 
that the picture and tile dimensions are the same. It is often useful to choose tile dimensions that are 
evenly divisible into picture dimensions. It becomes much easier, for example, to retrieve a 512x512 
window from a 4096x4096 encoded picture. 

Tile dimensions do not have to evenly divide picture dimensions. Tile ° is always understood to be in 
the upper left comer of the picture; pixel [0,0] of tile 0 is pixel [0,0] of the picture. Tiles can extend 
down or to the right beyond the boundaries of the picture. Pixels beyond the picture boundaries yet 
inside border tiles must be properly encoded in the tiles, yet are undefined with regard to the picture. 

1.3. Picture Format 

Pictures can include any subset of ROBA channels. Full ROBA pictures are the most common; ROB 
backgrounds are also popular. Single channel R pictures are currently recovered as black-and-white 
(single channel ROB) pictures. ROBA channels correspond to bits 3210, so that an ROB picture has a 
format of 111 ° binary. 

1.4. Picture Storage 

Four picture storage modes are supported: 8 bit encoded (0); 12 bit encoded (1); 8 bit dumped (2); 12 
bit dumped (3). 12 bit data is simply stored in two bytes. 11 bit data is understood to cover the inter­
val (-.5, 1.5), where 3072 is -0.5, ° is 0.0, 2048 is 1.0, and 3071 is almost 1.5. 

1.4.1. Encoded Tiles 

If the tiles are to be encoded (see byte 426 of the header), the pixel information is broken into packets, 
each headed by a flag and count. No packet may span multiple scan lines. However, each scan line 
of an encoded picture may consist of any combination of the four types of packets listed in the 
table below. The flags are listed with corresponding data for four, three, and one channel files: 

flag count ROBA ROB R comment 

° end of disk block 
1 c ROBAROBA ... ROB ROB ... RR ... full channel dump 
2 c AROBA AROBA ... AROB AROB ... ARAR ... full channel run 
3 c A ROB ROB ... n/a n/a partial channel dump 
4 c A AROBAROB ... n/a n/a partial channel run 

The flag and count are packed into 16 bits as follows: 

first byte count <.0:7> 
second byte flag <0:4> I count <8: 11> 

allowing 4 bits for flag and 12 bits for count. This seems to have been an unfortunate choice. An 8-bit 
count would have been perfectly sufficient and more efficient. 

When flag equals 1 or 3, the 12-bit count c is one less than the number of dumped pixels in the data. 
A count c of ° indicates 1 instance and no repetition. This allows dumps of length 4096 pixels. 

When flag equals 2 or 4, the 12-bit count c is one less than the number of run lengths. Each run length 
is started with an· 8-bit A, which indicates the number of repeated pixels. Once again, a length A, of ° 
indicates 1 instance and no repetition. 
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Blocking the data speeds disk access. No data packet spans multiple disk blocks, and zeroes should fill 
out the block. The number of bytes per block is set in byte 428 of the picture header. Furthermore, no 
packet spans multiple scanlines. 

1.4.2. Dumped Tiles 

If byte 426 of the picture header lists this as a dumped picture, no excess bytes are used for encoding 
the data. The tile data is listed as RGBRGBRGB... for RGB pictures and RRRRR ... for single channel 
pictures. 

1.5. Blocking Factor 

The blocking factor indicates the optimum disk transfer chunk. The only side effect of the blocking 
factor is that encoded packets do not span adjacent disk blocks. 

1.6. Picture Offsets 

Pictures are understood to have an xy translation, so that a saved frame buffer window can be restored 
to the same spot. 

1.7. Tile Pointer Table 

Each tile has a 4-byte pointer and 4-byte length. Tiles are numbered across from 0 to 
(numberxtiles*numberytiles-l), where numberxtiles is (1 + (picturewidth-l)/tilewidth), and num­
berytiles is similar. A pointer of 0 indicates a null tile; a positive pointer and a count of -1 indicates 
an incomplete tile; otherwise the tile is complete. Using the tile pointers, it is possible to overwrite 
individual tiles by appending tile pixels to the file and changing the tile pointer information, leaving the 
old tile data as garbage in the file. 

2. Recommendations for simple use 

Set up the picture header with the tile size equal to the picture size. This eliminates one level of com­
plexity. Set up the tile pointer table with one 4-byte pointer (at byte 512) to file location 8192. The 
4-byte length is not crucial. Use dumped format for the pixel data for further simplification. Set up the 
header as indicated in the table above, and start dumping the RGBA pixel data at location 8192. 

The simple recommended picture header is listed below. 

byte number # bytes name description 

000 4 magic number OxOOOOE880 
004 2 version number 0 
006 246 label 0 
252 4 labelptr 0 
416 2 picture height 768 
418 2 picture width 1024 
420 2 tile height 768 
422 2 tile width 1024 
424 2 picture format 15 
426 2 picture storage 2 
428 2 blocking factor 8192 
430 2 alpha mode 0 
432 2 x offset 0 
434 2 yoffset 0 
448 4 colonnap pointer unused 
452 28 colonnap filename unused 
512 8*n tile pointer table 8192,0 

8192 ? dumped pixel information 





Chap Pbus Programming 

1~ Introduction 

The Pbus is the Pixar bus between a Chap and 
picture memory. The library routines 

FxSCopy(pw,scan1ineptr,count,z,y) 
FySCopy(pw,scan1ineptr,count,z,y) 

are provided for reading from picture memory to 
a scratchpad scanline buffer; the routines 

SFxCopy(pw,scan1ineptr,count,z,y) 
SFyCopy(pw,scan1ineptr,count,z,y) 

are provided for writing from a scratchpad scan­
line buffer to picture memory. The above rou­
tines are optimized for scanline access to the 
memory. This memo explains how to access the 
Pbus directly. 

NOTE: The numbers published here are based 
on an 85 ns clock cycle. Use these numbers for 
comparison only. as the clock cycle time on your 
Pixar may be different. 

The picture memory is a linear array of 32x32 
pixel tiles •. The standard Pixar has 4096 tiles, suf­
ficient for storing 4 million pixels. By software 
convention a tile block is a contiguous. linear 
array of tiles understood to be arranged in a rec­
tangle (see TB (3C)t). Again by software con­
vention, a pixel window is a subrectangle of the 
tile block, understood to be the clipping window 
through which all picture memory accesses must 
go (see PW(3C». The library routines for Pbus 
access all utilize this notion of pixel windows in 
referring to picture memory. 

2. Pbus Accesses 

Pbus accesses may not straddle tiles, but five dif­
ferent access methods may be used inside a tile 
(see Figme 1). 

t References of the form X(Y) mean the manual page 
named X in the sec:tion Y of the Pixar Programmer's 
Manual pages. 

Transfer Read {J.1.s) Write (J.1.s) 

32inx 2.7 to 4.6 2.1 to 3.9 
32iny 2.7 to 4.6 2.1 to 3.9 
16inx 2.3 to 4.2 1.7 to 3.5 
16iny 2.3 to 4.2 1.7 to 3.5 
16 square 2.3104.2 1.7 to 3.5 

Figure 1. Picture Memory Access Times. 

Naturally, a 32-pixel access spans the tile from 
pixel 0 through 31. The linear 16-pixel accesses 
can be made either to pixels 0 through 15 or 16 
through 31 of a horizontal or vertical span. The 
16-pixel square access can be made only to 64 
distinct 4x4 squares of the tile: the x and y tile 
coordinates of the upper left comer must be on a 
4-pixel boundary. 

The range in the times of Figme 1 reflect conten­
tion with the video for the picture memory. For 
example~ a 32-pixel Pbus read takes as little as 
2.7J.1.S wi~ the video off (e.g. during vertical 
retrace) and as much as 4.6J.1.S with the video on. 
In geneml, reads take 600ns longer than writes, 
and 32-pixel accesses take 400ns longer than 16-
pixel accesses. 

The timing of the library routines for moving 
entire scanlines from picture memory to Chap 
scratchpad is as follows: Reads (FxSCopy, 
FySCopy) take approximately 20J.l.S plus 4.5J.1.S 
per tile access. Writes (SFxCopy, SFyCOP?) 
take approximately 20J.l.S plus 4.2J.1.S per ule 
access. Each tile access moves 32 pixels, so the 
library routines read at a rate of 7.1 million pixels 
per second and write at a rate of 7.6 million pixels 
per second. 

3. Pbus ButTers 

The Pbus interface is double-buffered, allowing 
for Chap access to one set of 32 pixels, the Chap­
side, while another set of 32 pixels, the Memory­
side, is read from (written to) memory. 

The Chapside buffer is accessible through a 



single register, pbus, on the Chap Mhus. The 
bottom 5 bits of pbus csr (the 
PBUSCSR ADDR field below) indicate which 
pixel in the Chapside buffer may be accessed 
through the pbus register. One bit of the Chap 
instruction word is dedicated to indicate possible 
incrementing of the 5-bit pointer. 32-pixel 
transfers access Pbus buffers in the natural order; 
16-pixel transfers access the first 16 pixels of the 
Pbus buffer; 16-pixel square transfers fill the first 
16 pixels of the buffer by rows. 

The pixels in the Chapside buffer are written only 
by an explicit write into the pbus register; the 
pixels in the Memoryside buffer are written only 
by an explicit memory read initiated by setting 
pbus csr appropriately; otherwise, the data in 
the buffer is stable. 

4. Pbus Registers 

The pbus csr, pbus aO, and pbus a1 
registers are all accessible on the Chap scalar bus. 
As described in the Chap Instruction Description, 
the pbus csr contains the fields shown in Fig­
ure2. 

Bits Name Meaning 
0-4 PBUSCSR_ADDR Buffer address 
5 PBUSCSR_PP Ping/Pong 
8 PBUSCSR_RED Red enable 
9 PBUSCSR_GREEN Green enable 
10 PBUSCSR_BLUE Blue enable 
11 PBUSCSR_ALPHA Alpha enable 
14 PBUSCSR_RW Write/Read 
15 PBUSCSR GO Go/Done 

Figure 2. Pbus Control Status Register. 

(Bits 6-7 and 12-13 are reserved.) All bits are 
high-true. The Go/Done bit is set to 1 to initiate 
an operation (Go) and cleared by the hardware 
when the operation completes (Done). The 
WritelRead bit must be set to 1 for a write opera­
tion and ° for a read operation (beware of this, it 
is backwards to the Read/Write bit in the pbus 
aO register). the field names listed above are 
defined in <pixar/pbusreg.h>. 

The pbus csr register is accessible at any 
time; pbus aO and pbus a1 should only be 
accessed when a transfer is not taking place. 
Transfers are not taking place when the 
PBUSCSR_GO bit is off. The pbus busy 
sequencer condition may be used to check for a 
transfer in progress. 

The pbus aO register contains the fields shown 
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in Figure 3. 

Bits Name Meaning 
0-4 PBUSAO_XADDR X address 
5-9 PBUSAO_YADDR Yaddress 
10 PBUSAO_XACC Access in X 
11 PBUSAO_YACC Access in Y 
12 PBUSAO_RW Read/Write 
14 PBUSA01632 Access 16/32 

Figure 3. Pbus Address Register 0. 

(Bits 13 and 15 are reserved.) All bits are high­
true. The Read/Write bit must be set to 1 for a 
read access and ° for a write. * The field names 
listed above are defined in <pixar/pbusreg.h>. 

The pbus a1 register holds the 16-bit tile 
number of the tile in picture memory to be 
accessed.' Notice that the. 16-bit width of the 
register limits the system to 64K tiles, or 64M 
(8K x 8K) pixels. 

4.1. Waiting for Completion of Pbus Transfer 

The program must wait for the completion of one 
transfer before initiating another. The following 
code (referred to below as PBUS _ WAI'l) handles 
the problem: 

push; 
dowhi1e pbus busy; 

4.2. Toggling the Pbus Buffers 

Reading from memory leaves the pixels in the 
Memoryside buffer. The program must toggle the 
buffers before the Chap can access the pixels. 
Similarly, writing to memory takes pixels from 
the Memoryside buffer, so the program must have 
toggled the buffers to move the pixels there. The 
following simple code, PBUS _TOGGLE, handles 
the toggling: 

ace = pbus csr; 
pbus csr = ace A PBUSCSR_PP; 

Note that you should never toggle the buffers 
while a Pbus transfer is in progress. 

• Note that pbua car has a Write/Read bit and pbua 
aO has a Read/Wri.te biL 'These must be in agreement: 
both must indicate read or both must indicate write. 



4.3. Initiating a Single Read From Memory 

The following steps are necessary: 

1) PBOS _WAIT. 

2) Set pbus al to the proper tile. 

3) Set pbus aO to address the upper left 
corner of the desired pixels within the tile. 
Also set pbus aO to indicate a 16 or 32 
pixel access, read or write, and X, Y or 
square access. The latter is indicated by setm 

ting both the PBOSAO _ XACC and 
PBOSAO YACC bits. For example, to read 
the first 16 pixels of horizontal scanline 7 of 
a tile, 
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pbus aO = PBUSAO_1632IPBOSAO_RWI 
PBOSAO_XACCI7«5; 

4) Set pbus csr according to 

acc = pbus csr; 
acc = acc , "PBUSCSlLRW; 
pbus csr = acc I PBOSCSR_GO; 

in order to tum off the Write bit and tum on 
the Go bit. This code sequence is referred to 
below as PBOS _READ. 

5) PBOS _WAIT. 

6) PBOS _TOGGLE. 

7) The pixels are now available in the Chapside 
Pbus buffer. The pbus csr can be used to 
set the Pbus buffer pointer to something 
other than the fIrst pixel. 

4.4. Initiating a Single Write To Memory 

Assume that the pixels to be written are now set­
tled into the Chapside Pbus bUffer. 

1) PBOS_WAIT. 

2) PBOS _TOGGLE. 

3) Set pbus al to the proper tile. 

4) Set pbus aO to address the upper left 
comer of the desired pixels within the tile. 
Also set pbus aO to 16 or 32 pixel access, 
read or write, and X, Y or square access. 
For example, to write the lower right 16 
pixel square, 

pbus aO = PBOSAO_1632 I PBOSAO_XACC I 
PBOSAO_YACC I 28«5 128; 

5) Set pbus csr according to 

in order to tum on the Write bit and the Go 
bit. This code sequence is referred to below 
as PBOS _WRITE. 

6) PBOS _WAIT. (This extra step is not needed, 
but the transfer is not officially complete 
until the PBOSCSR_GO bit is turned off.) 

4.5. Handling Overlapping Reads From 
Memory 

1) PBOS_WAIT. Make sure that the Pbus is 
available. 

2) Set up pbus aO and pbus al for the 
fIrst read. 

3) PBUS_READ. Initiate the flISt read from 
memory. 

4) PBOS _WAIT. Wait for the fJl'St read to fin-
ish. 

5) Update pbus aO and pbus al for a 
second read. 

6) PBOS _TOGGLE. Bring the fIrst buffer of 
pixels onto the Chapside. 

7) PBOS _READ. Initiate the second read from 
memory. 

8) While the second access takes place, the 
Chap can process the fJl'St buffer of pixels 
sitting in the Chapside Pbus buffer. 

9) PBOS_WAIT. Wait for the second read to 
finish. 

10) Update pbus aO and pbus al for a 
third read. 

11) PBOS _TOGGLE. Bring the second buffer of 
pixels onto the Chapside. 

12) PBOS _READ. Initiate a third read from 
memory. 

This process may continue forever. Note that it 
takes approximately as long to move pixels from 
Chapside Pbus buffer to scratchpad (32 ticks = 32 
x 85ns = 2. 72JlS) as it does to move pixels from 
Picture Memory to Memoryside Pbus buffer (2.7 
to4.6JlS). 

For optimum speed, the toggle and read may be 
done in the same instruction by xor-ing 
PBUSCSR _GO and PBOSCSR _ PP in one opera­
tion. 

4.6. Handling Overlapping Writes To Memory 

1) The Chap can load the fIrst buffer of pixels 
acc = pbus csr; into the Chapside Pbus buffer. 
pbus csr = PBOSCSR _ RW I PBUSCSR,;... GO I aC!j PBOS WAIT. Make sure that the Pbus is 

available. 



3) Set up pbus aO and pbus a1 for the 
fust write. 

4) PBUS TOGGLE. Move the fU'St buffer of 
pixels over to the Memoryside. 

5) PBUS _ WR.:r:TE. Initiate the fU'St write to 
memory. 

6) The Chap can load the second buffer of pix­
els into the Chapside Pbus buffer. 

7) PBUS_WA:r:T. Wait for that fust transfer to 
complete. 

8) Update pbus aO and pbus a1 for the 
second write. 

9) PBUS _TOGGLE. Move the second buffer of 
pixels over to the Memoryside. 

10) PBUS_WR.:r:TE. Initiate the second write to 
memory. 

This process may continue forever. Note that it 
takes approximately as long to move pixels from 
scmtchpad to Chapside Pbus buffer (32 ticks = 32 
x 85ns = 2.72J.1S) as it does to move pixels from 
Memoryside Pbus buffer to Picture Memory (2.3 
to 4.2 J.1S). 

For optimum speed, the toggle and write may be 
done in the same instruction by xor-ing 
PBUSCSR _GO and PBUSCSR_PP in one opem­
tion. 

5. Concluding Comments 

The macros PBUS WAIT, PBUS TOGGLE, 
PBUS _READ, and PBUS _ WR.:r:TE are defined in 
the <pixar/pbus.h> which automatically includes 
the file <pixar/pbusreg.h>. 
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ABSTRACT 

Compositing Digital Images 

PlXAR 

Most computer graphics pictures have been computed all at once, so that the render­
ing program takes care of all computations relating to the overlap of objects. There 
are several applications, however, in which elements must be rendered separately, 
relying on compositing techniques for the anti-aliased accumulation of the full image. 
This paper presents the case for four-channel pictures, demonstrating that a matte 
component can be computed along with the color channels. The paper discusses 
guidelines for the generation of elements and the arithmetic for arbitrary composition. 

1. Introduction 
Increasingly, we find that a complex three dimensional scene cannot. be fully rendered 
by a single program. The wealth of literature on rendering polygons and curved sur­
faces, handling the special cases of fractals, spheres, quadrics and triangles, implement­
ing refinements for texture mapping and bump mapping, noting speed-ups on the basis 
of coherence or depth complexity in the scene, suggests that multiple programs will 
become more and more common. 

In fact, reliance on a single program for rendering an entire scene is a poor strategy 
for minimizing the cost of small modeling errors. Experience has taught us to break: 
down large bodies of source code into separate modules in order to save compilation 
time. An error in one routine forces only the recompilation of its module and the rela­
tively quick reloading of the entire program. Similarly, small errors in coloration or 
design in one object should not force the "recompilation" of an entire image. 

Separating the image into elements that can be independently rendered saves enormous 
time. Each element has an associated matte, providing coverage information for each 
pixel. The compositing of those elements makes use of the mattes to accumulate the 
final image. 

The compositing methodology must not induce aliasing; soft edges of the elements 
must be honored in computing the final image. Features should be provided to exploit 
the full associativity of the compositing process; this affords flexibility, for example, 
for the accumulation of several foreground elements into an aggregate foreground 
which can be examined over different backgrounds. The compositor should provide 
facilities for arbitrary dissolves and fades of elements during an animated sequence. 

Several highly successful rendering algorithms have worked by reducing their environ­
ments to pieces that can be combined in a 2 112 dimensional manner, and then over­
laying them either front-to-back or back-to-front [3]. Whitted and Weimar's graphics 
test-bed [6] and Crow's image generation environment [2] are both designed to deal 
with heterogenously rendered elements. Whitted and Weimar's system reduces all 
objects to horizontal spans which are composited using a -Warnock-like algorithm. In 
Crow's system a supervisory process decides the order in which to combine images 
created by independent special-purpose rendering processes. The imaging system of 
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Warnock and Wyatt [5] incorporates I-bit mattes. The Hanna-Barbera cartoon anima­
tion system [4] incorporates soft-edge mattes, representing the opacity information in a 
less convenient manner than that proposed here. The present paper presents guidelines 
for rendering elements and introduces the algebra for compositing. 

2. The Alpha Channel 
A separate component is needed to retain the matte information, the extent of coverage 
of an element at a pixel. In a full color rendering of an element, the ROB components 
retain only the color. To place the element over an arbitrary background, a mixing 
factor is required at every pixel to control the linear interpolation of foreground and 
background colors. In general, there is no way to encode this component as part of 
the color information. For anti-aliasing purposes, this mixing factor needs to be of 
comparable resolution to the color channels. Let us call this an alpha channel, and let 
us treat an alpha of ° to indicate no coverage, 1 to mean full coverage, with fractions 
corresponding to partial coverage. 

In an environment where the compositing of elements is required, we see the need for 
an alpha channel as an integral part of all pictures. Because mattes are naturally com­
puted along with the picture, a separate alpha component in the frame buffer is 
appropriate. Off-line storage of alpha information along with color works conveniently 
into run-length encoding schemes because the alpha information tends to abide by the 
same runs. 

What is the meaning of the quadruple (r,g,b,a) at a pixel? How do we express that a 
pixel is half covered by a full red object? One obvious suggestion is to assign 
(1,0,0,.5) to that pixel: the .5 indicates the coverage and the (1,0,0) is the color. There 
are a few reasons to dismiss this proposal, the most severe being that all compositing 
operations will involve multiplying the 1 in the red channel by the .5 in the alpha 
channel to compute the red contribution of this object at this pixel. The desire to 
avoid this multiplication points up a better solution, storing the pre-multiplied value in 
the color component, so that (.5,0,0,.5) will indicate a full red object half covering a 
pixel. 

The quadruple (r,g,b,a) indicates that the pixel is a covered by the color (ria, g/a, 
b/a). A quadruple where the alpha component is less than a color component indicates 
a color outside the [0,1] interval, which is somewhat unusual. We will see later that 
luminescent objects can be usefully represented in this way. For the representation of 
normal objects, an alpha of 0 at a pixel generally forces the color components to be 0. 
Thus the ROB channels record the true colors where alpha is 1, linearly darkened 
colors for fractional alphas along edges, and black where alpha is O. Silhouette edges 
of ROBA elements thus exhibit their anti-aliased nature when viewed on an ROB 
monitor. 

It is important to distinguish between two key pixel representations: 
black = (0,0,0,1); 
clear = (0,0,0,0). 

The former pixel is an opaque black; the latter pixel is transparent. 
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3. RGBA Pictures 
If we survey the variety of elements which contribute to a complex animation, we find 
many complete background images with an alpha of 1 everywhere. Among foreground 
elements, we find that the color components roll off in step with the alpha channel, 
leaving large areas of transparency. Mattes, colorless stencils used for controlling the 
compositing of other elements, have 0 in their RGB components. Off-line storage of 
RGBA pictures should therefore provide the natural data compression for handling the 
RGB pixels of backgrounds, RGBA pixels of foregrounds, and A pixels of mattes. 

There are some objections to computing with these RGBA pictures. Storage of the 
color components pre-multiplied by the alpha would seem to unduly quantize the color 
resolution, especially as alpha approaches O. However, because any compositing of 
the picture will require that multiplication anyway, storage of the product forces only a 
very minor loss of precision in this regard. Color extraction, to compute in a different 
color space for example, becomes more difficult. We must recover (ria, gla, b/a), and 
once again, as alpha approaches 0, the precision falls off sharply. For our applications, 
this has yet to af{ect us. 

4. The Algebra of Compositing 

Given this standard of RGBA pictures, let us examine how compositing works. We 
shall do this by enumerating the complete set of binary compositing operations. For 
each of these, we shall present a formula for computing the contribution of each of 
two input pictures to the output composite at each pixel. We shall pay particular 
attention to the output pixels, to see that they remain pre-multiplied by their alphas. 

4.1. Assumptions 

When blending pictures together, we do not have information about overlap of cover­
age information within a pixel; all we have is an alpha value. When we consider the 
mixing of two pictures at a pixel, we must make son.te assumption about the interplay 
of the two alpha values. In order to examine that interplay, let us first consider the 
overlap of two semi-transparent elements like haze, then consider the overlap of two 
opaque, hard-edged elements. 

If aA and aB represent the opaqueness of semi-transparent objects which fully cover 
the pixel, the computation is well known. Each object lets (I-a) of the background 
through, so that the background shows through only (l-aA )(I-aB) of the pixel. 
aA (l-<XB) of the background is blocked by object A and passed by object B; 
(I-aA )<XB of the background is passed by A and blocked by B. This leaves aA aB of 
the pixel, which we can consider to be blocked by both. 

If <XA and aB represent subpixel areas covered by opaque geometric objects, the over­
lap of objects within the pixel is quite arbitrary. We know that object A divides the 
pixel into two subpixel areas of ratio <XA: l-aA. We know that object B divides the 
pixel into two subpixel areas of ratio aB: l-aB' Lacking further information, we make 
the following assumption: there is nothing special about the shape of the pixel; we 
expect that object B will divide each of the sub pixel areas inside and outside of object 
A into the same ratio <XB: l-aB. The result of the assumption is the same arithmetic 
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as with semi-transparent objects and is summarized in the following table: 

description area 
A-(lB (I-aA )(I-aB) 
A(lB <XA(I-aB) 
A(lB (l-<XA)<XB 
A(lB <XA<XB 

The assumption is quite good for most mattes, though it can be improved if we know 
that the coverage seldom overlaps (adjacent segments of a continuous line) or always 
overlaps (repeated application of a picture). For ease in presentation throughout this 
paper, let us make this assumption and consider the alpha values as representing sub­
pixel coverage of opaque objects. 

4.2. Compositing Operators 
Consider two pictures A and B. They divide each pixel into the 4 subpixel areas 

B A name description choices 
0 0 ° A(lB 0 
0 1 A A(lB 0, A 
1 ° B A(lB O,B 
1 1 AB A(lB 0, A, B 

listed in this table along with the choices in each area for contributing to the compo­
site. In the last area, for example, because both input pictures exist there, either could 
survive to the composite. Alternatively, the composite could be clear in that area. 

A particular binary compositing operation can be identified as a quadruple indicating 
the input picture that contributes to the composite in each of the four subpixel areas 0, 
A, B, AB of the table above. With three choices where the pictures intersect, two 
where only one picture exists and one outside the two pictures, there are 3x2x2xl=12 
distinct compositing operations listed in the table below. Note that pictures A and B 
are diagrammed as covering the pixel with triangular wedges whose overlap conforms 
to the assumption above. Useful operators include A over B, A in B, and A held out 
by B. A over B is the placement of foreground A in front of background B. A in B 
refers only to that part of A inside picture B. A held out by B , normally shortened to 
A out B, refers only to that part of A outside picture B. For completeness, we 
include the less useful operators A atop B and A xor B . A atop B is the union of 
A in B and B out A. Thus, paper atop table includes paper where it is on top of 
table, and table otherwise; area beyond the edge of the table is out of the picture. 
A xor B is the union of A out B andB out A . 
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operation quadruple diagram 

clear (0,0,0,0) ° ° 
A (O,A,O,A) 

1 ° 
B (O,O,B,B) . ° 1 

A over B (O,A,B,A) 

B over A (O,A,B ,B) 

A in B (O,O,O,A) 

B in A (O,O,O,B) 

A out B (O,A,O,O) 

B out A (O,O,B,O) 

A atop B (O,O,B,A) 

B atop A (O,A,O,B) 

A xor B (O,A,B,O) 

4.3~ Compositing Arithmetic 
For each of the compositing operations, we would like to compute the contribution of 
each input picture at each pixel. This is quite easily solved by recognizing that each 
input picture survives in the composite pixel only within its own matte. For each 
input picture, we are looking for that fraction of its own matte that prevai~s in the 
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output. By definition then, the alpha value of the composite, the total area of the pixel 
covered, can be computed by adding aA times its fraction FA to aB times its fraction 

FB • 

The color of the composite can be computed on a component basis by adding the color 
of the picture A times its fraction to the color of picture B times its fraction. To see 
this, let C A' cB' and Co be some color component of pictures A, B and the composite, 
and let C A, C B, and Co be the true color component before pre-multiplication by 
alpha. Then we have 

Co = aoCo 

Now Co can be computed by averaging contributions made by C A and C B, so 

(XAFACA+(XBFBCB Co = ao-------
(XAFA+aBFB 

but the denominator is just ao, so 

Co = aAFACA+CJ.BFBCB 

CA cB 
=aAFA-+aBFB-

aA (XB 

(1) 

Because each of the input colors is pre-multiplied by its alpha, and we are adding con­
tributions from non-overlapping areas, the sum will be effectively pre-multiplied by the 
alpha value of the composite just computed. The pleasant result that the color chan­
nels are handled with the same computation as alpha can be traced back to our deci­
sion to store pre-.multiplied RGBA quadruples. Thus the problem is reduced to finding 
a table of fractions F A and F B indicating the extent of contribution of A and B, plug­
ging these values into equation 1 for both the color and the alpha components. 

By our assumptions above, the fractions are quickly determined by examining the pixel 
diagram included in the table of operations. Those fractions are listed in the FA and 
F B columns of the table. For example, in the A over B case, picture A survives 
everywhere while picture B survives only outside picture A, so the corresponding frac­
tions are 1 and (l--aA). Substituting into equation 1, we find 

Co = cAxl+cBx(l-aA)' 

This is almost the well used linear interpolation of foreground F with background B 

B' = Fxa+B x(I--a), 

except that our foreground is pre-multiplied by alpha. 

4.4. Unary operators 
To assist us in dissolving and· in balancing color brightness of elements contributing to 
a composite, it is useful to introduce a darken factor, <p, and a dissolve factor, S: 

darken(A ,<p )=( <pr A ,<j>gA ,<pb A ,aA ) 
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dissolve(A ,O)=(Or A ,OgA ,ob A ,OaA) . 

Normally, 0~,o~1, although none of the theory requires it. 

As <I> varies from 1 to 0, the element will change from nonnal to complete blackness. 
If <1»1, the element will be brightened. As ° goes from 1 to 0, the element will gradu­
ally fade from view. 

Luminescent objects, which add color information without obscuring the background, 
can be handled with the introduction of an opaqueness factor 0), 0~0)~1: 

opaque(A ,0) )=(r A ,gA ,b A ,0000A) . 

As 0) varies from 1 to 0, the element will change from normal coverage over the back­
ground to no obscuration. This scaling of the alpha channel alone will cause pixel 
quadruples where a is less than a color component, indicating a representation of a 
color outside of the normal range. This possibility forces us to clip the output compo­
site to the [0,1] range. 

An 0) of ° will produce quadruples (r,g,b ,0) which do have meaning. The color 
channels, pre-multiplied by the original alpha, can be plugged into equation 1 as 
always. The alpha channel of ° indicates that this pixel will obscure nothing. In 
terms of our methodology for examining subpixel areas, we should understand that 
using the opaque operator corresponds to shrinking the matte coverage with regard to 
the color coverage. 

4.56 The PLUS operator 

We find it useful to include one further binary compositing operator, plus. The 
expression A plus B holds no notion of precedence in any area covered by both pic­
tures; the components are simply added. This allows us to dissolve from one picture 
to another by specifying 

dissolve(A ,a) plus dissolve(B ,1--a). 

In terms of the binary operators above, plus allows both pictures to survive in the 
subpixel area AB. The operator table above should be appended: 

operation quadruple 

A plus B (O,A,B,AB) 1 1 

50 Examples 

The operations on one and two pictures are presented as a basis for handling composit­
ing expressions involving several pictures. A normal case involving three pictures is 
the compositing of a foreground picture A over a background picture B, with regard to 
an independent matte C. The expression for this compositing operation is 

(A in C) over B. 

Using equation 1 twice, we find that the composite in this case is computed at each 
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pixel by 

Co = CA (XC+CB (1-(XA (XC), 

As an example of a complex compositing expression, let us consider a. subwindow of 
Rob Cook's picture Road to Point Reyes [1]. This still frame was assembled from 
many elements according to the following rules: 

Foreground = FrgdGrass over Rock over Fence 
over Shadow over BkgdGrass ; 

GlossyRoad = Puddle over (Post Reflection atop 
(Plant Reflection atop Road»; 

Hillside = Plant over GlossyRoad over Hill; 

Background = Rainbow plus Darkbow over 
Mountains over Sky; 

PtReyes = Foreground over Hillside over Background. 

Figure 1 shows three intermediate composites and the final picture. 

A further example demonstrates the problem of correlated mattes. In Figure 2, we 
have a star field background, a planet element, fiery particles behind the planet, and 
fiery particles in front of the planet. We wish to add the luminous fires, obscure the 
planet, darkened for proper balance, with the aggregate fire matte, and place that over 
the star field. An expression for this compositing is 

(FFire plus (BFire out Planet» 
over darken(Planet ,.8) over Stars. 

We must remember that our basic assumption about the division of subpixel areas by 
geometric objects breaks down in the face of input pictures with correlated mattes. 
When one picture appears twice in a compositing expression, we must take care with 
our computations of FA and F B. Those listed in the table are correct only for uncorre­
lated pictures. 

To solve the problem of correlated mattes, we must extend our methodology to handle 
n pictures: we must examine all 2n subareas of the pixel, deciding which of the pic­
tures survives in each area, and adding up all contributions. Multiple instances of a 
single picture or pictures with correlated mattes are resolved by aligning their pixel 
coverage. Example 2 can be computed by building a table of survivors (shown below) 
to accumulate the extent to which each input picture survives in the composite. 

6. Conclusion 
We have pointed out the need for matte channels in synthetic pictures, suggesting that 
frame buffer hardware should offer this facility. We have seen the convenience of the 
RGBA scheme for integrating the matte channel. A language of operators has been 
presented for conveying a full range of compositing expressions. We have discussed a 
methodology . for deciding compositing questions at the subpixel level, deriving a 
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FFire BFire Planet Stars Survivor 

• Stars 

• Planet 
• • Planet 

• BFire 

• • BFire 

• • Planet 
• • • Planet 

• FFire 
• • FFire 
• • FFire 

• • • FFire 

• • FFire,BFire 

• • • FFire,BFire 

• • • FFire 
• • • • FFire 

simple equation for handling all composites of two pictures. The methodology is 
extended to multiple pictures, and the language is embellished to handle darkening, 
attenuation, and opaqueness. 

There are several problems to be resolved in related areas, which are open for future 
research. Weare interested in methods for breaking arbitrary three dimensional scenes 
into elements separated in depth. Such elements are equivalent to clusters, which have 
been a subject of discussion since the earliest attempts at hidden surface elimination. 
We are interested in applying the compositing notions to Z-buffer algorithms, where 
depth information is retained at each pixel. 
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