








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

LCLK1 

14 tc(LC1) �~�I� 

--{ / �{�~�-�-�-�/� 
�~� tp(LC1-MSAV) I I 1 1- ... , 

1 r--.r- tY(LC1-MSA) 

MSA15-o �X�~�>�C�K� ADDRESS'OUT % ADDRESS 2 OUT xxx 

MSD31-o �:�&�x�x�v�~� DATA �"�~� XX)K DATA 2 .. XXXX 
�~�~�1�-�D�C�S�H�)�M�L� I i 
I : I ! (MOVE FROM DATA SPACE) 

----:1-' --4-"1 ,r-----(MOVEFROMCODESPAC"i}--------
,I I I 
4 �~�I� t p(,"C1-MCEL)' I 

�-�-�-�-�-�~�,�-�-�~�,� , , 
, �~� 1 I 1 , , , , 
, , , , 
, 'I 

DS/CS 

MCEt 

___ �~�:�7�'� , , 
,4 �~� 1 �t�~�(�L�C�1�-�M�O�E�L�)� : : 

:' t4-* �t�p�(�L�C�1�~�M�O�E�H�)� 
----- �,�~�I� �~� 

�~� : :1 1"-'1-·1----/ "'-
tp(MSDV-LADV) -t4+i tw(MOEH) --r.--.\, 1 

, tp(MSDV-LADV) -re+i 
XXXXXXXX* DATA 1 OUT xx>d< DATA 2 OUT XXX LAD31-o , , 

I , 
I , 

�-�-�-�-�-�-�-�-�-�-�-�-�-�-�~�~� ____ �/�~�-�-�-�-�~� ____ ;r 

t MCE dos not toggle at each clock edge. 
1: MOE goes high at each clock edge. 

Figure 26. Coprocessor Mode, MSD to LAD Bus Transfer Timing wHh MEMCFG Low 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A - D3592. SEPTEMBER 1990 - REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

I~ tc(LC1) ~I 

----~ / ~ / 
I ~1~~::;~l=1 ~tV(LC1-MSA) 
!. .1 'p(LC1-MSAVj ! i 

MSA15-0 xxxtx>k ADDRESS 1 O~T >K 

,--....,,/ LCLK1 

ADDRESS 2 OUT xxx 
1 I 
1 I 

MSD31-O XXX*XX>QK DATA 11~ XXI DATA 21N XXX> 
I ! ~ 14- tp(LC1-0CSH)MH 
I~ ~tR(LC1-DCSL)MH. I 1 

-~--40I-_ I ·1 I J.r-\l I ~ 

I I I /[ i'",-,j.,1 -----/ "-
I~ ~: t~(LC1-MCEL) I I+--*- tW(~CSH)MH 

___ -+: ____ 1 1 ~ l4- tp(LC1-~CEH)MH 
I ~ I In~I ___ ~ 
1 : I 1 1 : 

: I : ~ tw(~CEH) 

DS/cst 

__ --+": 7: : : 
I 1 ~ tp(LC1-MOEH) 
I~ ~I 1 tp(LC1-MOEL) II I 

------_11 I 'I ~~I _____ ~ 
I : tw(MOEH)"14--+t : 

1p(MSDV-LADV) ~ tp(MSDV-LADV) ~ 

LAD31-0 xXXXXXX% DATA 1 OUT xXXX% DATA 2 OUT xXX 
1 1 
I 1 
I I 

--------------~ 'k~ __ ~~ 

t DS/CS valid for moves to data space; MCE valid for moves to code space. Only one would be valid for each move instruction. 
NOTE: This option for using DS/CS as data space chip enable and MCE as code space chip enable is involved by setting the MEMCFG bit high 

in the configuration register. 

Figure 27. Coprocessor Mode, MSD to LAD Bus Transfer Timing with MEMCFG High 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

14 tc(CLK) ~ 
1 I 
I+- tw(CLKH) ~ I I I I I 
1 14- tw(CLKL) -+j -+j j4- tt(CLK) -+j j4- tt(CLK) 

CLK J \ ,-----'\IX U 
11'-----..11 I 

Figure 28. Host-Independent Mode, Input Clock 

'-14--- tc(CLK) .1 
CLK --Y " t---, )' I ~-----I ~----I ,~----

I I I 
.14-.... 1-1 tp(CLKH-ATCL) ~ tp(CLKH-ATCH) I 

--..,....-........ '} i { : 
14 1 .1 

1 I "I tdIS(CLKH-LAD~Z) 
",---1-1 -.-+-tp(CLKH-L~DV~ I I 

i I ~ !+r tv(ATCH-LAD) ~ tt.(CLKH-LAD) 
ten(CLKH-LADZX) --liI:---+1 -eo! I: I 14 .' tsu(~AD-CLKH) 
LAD31-0 DATA IN' I i.-.r"t.,.....------'---...;.w DATA IN (DBL-PREC) 

~ td(ATCH-CASL) I 
'--!I_ld..,:(_CA_S_H_-A_T_C_L-.) -;--~: tp(CLKH-CASH) --l+--t SINGLE-PRECISION 

---.....1.-' II tp(CLKH-CASL) t ,J--! DouBLE-PRECiSioN' 
w(CASH) ----...---, 

I 1+-+1- td(WEH-ATCL) 1 

I)' : : ---+'i -+t I4-ld(COIL-ATCL) I 

i++ tp(CLKH-COIL) tp(CLKH-COIH) ~ .1 SINGLE-PRECISION 

-----~ ~----------'------------------~ DOUBLE-PRECISION 

t COINT timing is for LADCFG high only. When the LADCFG bit is set high in the configuratin register, COINT is controlled by bit 1 of the LAD move 
instruction instead of the set mask instruction. 

NOTE: This timing diagram assumes an external address latch to store address for external memory reads. Data input hold time on the latch is 
zero; data (or address) output hold time is nonzero, 

C-52 

Figure 29. Host-Independent Mode, LAD Bus Timing for Memory to SMJ34082A 
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CLK 

SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A- 03592, SEPTEMBER 1990 - REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

~14---tc(CLK) --~~I 

)r , /,..-~, )I 
----' I '----- I I ,----/ 

14 ~I tp(CLKH-ATCL) /++'- tp(CLKH-ATCH) : 

IX 1/ I 
----+'1' I I II ' 

'L. ~ !+i'-'i- tciIS(CLKH-LADXZ)t 
tw(ATCH) ~ I . 

4 'I ~I tp(CLKH-LADV) 
tp(CLKH-LADV) ~ I, I I I I I 

1- II ~ l4- tv(ATCH-LAD) 
L I I I I I II -en(CLKH-LADXZ) 4 I 

LAD31-O ADDRESS OUT 
I 
I I I 
I I 
I : I 
: 14 I ~I 1en(CLKH-LADZX) 
I I I I I 

I I ~ td(ATCH-~EL) K- tp(CLKH-WEH) 
I tp(CLKH-WEL) --i414r---I~~1 I I SINGLE-PRECISION 

I: ~ l l '1''-__________ _ 
I ~ t4- td(COIL-ATCL) tw(WI=H) -,4---+1 DOUBLE-PRECISION 
I , 'r I 

____ ..:.14_~ tp(CLKH-COIL) tp(CLKH-COIH) ~ SI:~~~~I:: ____ _ 
DOUBLE-PRECISION 

t Valid onl¥for ~ast write in series. The LAD bus is not placed in high-impedance state between consecutive outputs. 
:\: COINT timing is for LADCFG high only. When the LADCFG bit is set high in the configuration register, COINT is controlled by bit 1 of the LAD 

move instruction instead of the set mask instruction. 
NOTE: This timing diagram assumes an external address latch to store address for external memory reads. Data input hold time is zero. Data 

(or address) output hold time is nonzero. Valid only for last write in series. The LAD bus is not placed in high impedance between consecutive 
outputs. 

Figure 30. Host-Independent Mode, LAD Bus Timing for SMJ34082A to Memory 

TEXAS • 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

CLK 

14 tc(CLK) --"" .. I , 
/~--~, /~--~" /~--~, 

----' 1 '-__ J 1 '-__ J , '----

1 1 , 
1 1 , 

:7 I 1 
, ~th(CLKH-LAD) , 
1 L.. I' , $xx ~ -! ~(~~ ; LAD31-0~X.M..M.oij¥..~~~xxt~~~_D_AT._'A_IN,......oIII%>OO<~~;..¥~X~_D_A_:rA_I"'I"N.-III;XXXXXXX..&., .x..¥,,;x...ol~~_ 
1 tp(CLKH-CASH) -i4-+t 

__ --;I~----. ' I 

l ~ : 0'-------'-/ 
I.. ..I , 
14 P, tp(CLKH-CASL) ~ tw(CASH) • 

1 ~I tci(WEH-CASL) " .,' 

__ ....... 1% I 
1 ~ 14- tci(COIL-CASL) 

___ +-14_~ tp(CLKH-COIL) 

COINT' 'h. tp(CLKH-COIH) ~,..-----

t COl NT timing is for LADCFG high only. When the LADCFG bit is set high in the configuration register, COINT is controlled by bit 1 of the LAD 
move instruction instead of the set mask instruction. 

Figure 31. Host-Independent Mode, LAD Bus Timing Input to SMJ34082A 

14-- ADJUSTED CLOCK PERIODt ---+' 
CLK _--..IX ~ /~---------.,'---______ ____ 

I I I ,;:"~t$ 
I 1 I 

LAD31-0 ><><XXX 
tsu(LAD)f-CLKL) 14 .. , t (CLKH-CASH) ~ 

1 p I 
----~i---x ~ 

1 i' II 1''---------
~ .. I tp(CLKH-CASL) tw(CASH) ~ 

t This mode permits data input which does not meet the minimum setup before ClK high. For immediate data input, ClK must be high for more 
than 20 ns. This input mode cannot be used to input data for divides and square roots. 

Adjusted clock period - Normal clock period + Data delay + 5 ns 

Figure 32. Host-Independent Mode, LAD Bus Timing Input of Immediate Data to SMJ34082A 
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ClK 

lAD31-0 

CAst 

SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A- 03592, SEPTEMBER 1990- REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

:---- tc(ClK) -----'~I ___ I 

--1 ,---~ ,,---{---,---
I I I 
I I I 
I I I 
I I I 

14 ~I tp(ClKH-lA~V) : 

i d< DATA OUT: xXX>< DATA Of >10>-----
: II I I ~ I4+- tv(WEH-LAD) 
I I I I I i I I I I 

t When the LADCFG bit is high, LOEhigh places CAS and WE (as well as the LAD bus) in high impedance. 
:1: Valid only for LADCFG high. When the LADCFG bit is high in the configuration register, COINT is controlled by bit 1 of the LAD move instruction 

instead of the set mask instruction. 
NOTE: If the instruction writes the result of an FPU operation to a register and outputs the result to the LAD bus, in the same cycle, the minimum 

clock period must be extended. 

Figure 33. Host-Independent Mode, LAD Bus Timing Output from SMJ34082A 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

1 I 
1 1 

1 tp(CLKH-CASH) 4 
--------------------------------------~:--~ 1 Id ~ If' 

tp(CLKH-CASL) I'" "I 

t RESET is level sensitive. When RESET is set low, both LAD and MSD buses are placed in high-impedance state. When RESET is released, 
the sequencer forces a jump to address o. If INTR goes low while RESET is low, the loader moves 64 words through to the external memory on 
MSD. Timing for the LAD to MSD move is shown in a later diagram, with the exception that the first word on LAD loads the configuration register 
and does not pass to the MSD bus. 

t INTR may be low one or more cycles after RESET goes low. RESET is held low, and then INTR is taken low. The bootstrap loader starts when 
RESET is set high, which may involve a delay of one or more cycles after INTR goes low. 

NOTE: When the bootstrap loader is invoked, the first data word input on the LAD bus should be the configuration register settings, which will be 
written into the configuration register. This allows the user to select the MEMCFG setting, for reading or writing memory on the MSD port, 
as well as the LADCFG setting for the LAD bus interface. 

C-56 

Figure 34. Host-Independent Mode LAD Bus Timing, Bootstrap Loader Operation 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A - 03592, SEPTEMBER 1990 - REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

ClK 

I~ tc(ClK) ~I ·1 

--...,{ " ,{ " {,----,'----
1 1 1 
1 1 1 

: / i i 
-----'-I ..; j+-*- th(ClKH-lAD) 1 

1 u ,I 1 
~ .. ~: lsu(LAD-CLKH) 

LAD31-0 

MSA15-0 

DStCS 

XX'NST.'NXXXXXXX*X~% DATA1~UT: ~XXDATA20UT 
I' 1 ~ ~ tY(MWRH-MSD) 

tp(ClKH-DCSH)ML ~ ,:~I ~I I (~OVE TO DATA SPACE. ) 
I Xi I -------------li-...... ~I_t-------t-(~OvEiOcOOESPAcEi-

tp(ClKH-MCEL) -11 : i : i 
1 '\., 1 I I 1 
1 1 I 1 I 
1 t+t 14- tci(MSAV-MWR.L) , 

tp(CLKH-MWRL) I~ 1 ~II ~ I+- tp(CLKH-MWRH) 

:" n I I 1 ,'1--_____ _ 
tci(DCSH-MWRL) -+t ~ tw(MWRH) ~ 

I I I -+I 14- tY(MWRH-MSA) 

tp(ClKH-MSDV) I~ I ~I I 
MSD31-O 

___ ..J/ 

___ ..J7 
t COINT timing is for LADCFG high only. When the LADCFG bit is set high in the configuration register, COINT is controlled by bit 1 of the LAD 

move instruction instead of the set mask instruction. 
:I: MCE does not toggle at each rising clock edge. 
§ MOE goes high at each rising clock edge. 

Figure 35. Host-Independent Mode, LAD to MSD Bus Timing with MEMCFG Low 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592. SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

ClK 

:+-- tc(ClK) ~I 1 
/ , } , /.I~~' 

---I 1 '-----
1 1 1 
1 1 1 

____ ~:~/ I I 
I ~ th(ClKH-lAD) I 

~;I : 

DS/CS:j: 

____ 7 
t COINT timing is for LADCFG high only. When the LADCFG bit is set high in the configuration register, COINT is controlled by bit 1 of the LAD 

move instruction instead of the set mask instruction. 
:t: DSiCS valid for moves to data space; MCE valid for moves to code space. Only one of these would be valid for each move instruction. 
§ This option for using DS/CS as data space chip enable and MCE as code space chip enable is invoked by setting the MEMCFG bit high in the 

configuration register. 

Figure 36. Host-Independent Mode, LAD to MSD Bus Transfer Timing with MEMCFG High 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A- 03592, SEPTEMBER 1990 - REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

CLK 

~14---tc(CLK) til _____ 1' ,, _____ )r-----,,~ ___ )I 
14 ~I tp(CLKH-MSAV) I I 
I I I~ ~I I ''---
~ I r---T'Y(ClKH-MSA) : 

MSA15-0 xx xX>K ADDRESS O~T >KX ADDRESS OUT XXXXXX 
I 14+1- Itl(CLKH-MSD) I 
I tsu(MSD-CLKH) *-+! I I 

MSD31-O X><><$><XXXx %DATAIN%XXXXX 'NSf·IN XXXXXXX 
I.. "'1 I I 

:

' ~ tp(CLKH-DCSH)ML, : 

___ .,...._~/ : ~ I / DS/CSt 

I 14 tJr tp(CLKH-DCSL)ML 

.'4----tll-l tp(CLKH-MCEL) I ~ tp(CLKH-MCEH)ML 

---:~-t I ,r 
, 1 

I I 

------~!I' ! 

MOE§ 

t The setting of DS/CS determines whether the value on the MSD bus is an instruction or data. 
:j: MCE dos not toggle at each rising clock edge. 
§ MOE goes high at each rising clock edge. 
NOTE; This example shows a data read followed by an instruction read. 

Figure 37. Host-Independent Mode MSD Bus Timing, Memory to SMJ34082A with MEMCFG Low 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

CLK 

1111 tc(CLK) ~I 

} " .,r,.--...... " )I 
----- 1111 ~I tp(CLKH-MSAV) 1 1 

1 I ~ tv(CLKH-MSA) 1 

MSA15-O x~xX>K ADDRESS O~T >kX ADDRESS O~T 
I ~ th(CLKH-MSD) I 
I tsu(MSD-CLKH) ~ I I 

,,---
xx ADDRESS OUT 

MSD31-O XX~X%DATA:IN%XXXXX INST; IN XXXX~NST,IN 
1111 ~I tp(CLKH-DCSL)MM tp(CLKH-DCSH)MH I 

----+I-~{ 1 ~,....----....,..:-------
I 1 ~ I 
1 tcI(DCSH-MCEI..)MH I ~ t (CLKH-MCEH)MH 
I tp(CLKH-MCEL) 1111 ~I I p 

: : ~ ~ 
I 1 i+-+t- ----
1 1 tw(MCEH) 

DS/CS 

1 I ____ ~:7 : 
14 ~I tp(CLKH-MOEL)~ i r .... ~ .. tp(CLKH-MOEH) 

---------~ ~~------~----
tW(MOEH)~ 

NOTE: This example shows a data read followed by an instruction read followed by an instruction read. This option for using DS/CS as data space 
chip enable and MCE as code space chip enable is invoked by setting the MEMCFG bit high in the configuration register. When MEMCFG 
is high, DS/CS and MCE rise after every rising clock edge. In this mode, DS/CS and MCE may not both be active (low) at the same time. 

Figure 38. Host-Independent Mode MSD Bus Timing, Memory to SMJ34082A with MEMCFG High 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A- 03592, SEPTEMBER 1990 - REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

ClK 

1111 tc(ClK) ~, ____ X , )~~,~ ___ t '---1 14 ~I tp(ClKH-MSAV)' 

'III ~I tp(ClKH-MSAV) I I ~'111----~+-1 - tY(ClKH-MSA) 

MSA15-0 x~xx>k ADDRESS O~T ><>!< ADDRESS O~T >kx ADDRESS OUT 

I , I I I 1 
1111 ~I tp(ClKH-MSDV) I I 

MSD""" X~ DATA O~T ~X DATA IN: xxxxxx 
1 t 14 ~I I 
I tLKH-DCSHIML iE 

I I 

DS/CSt ,-----

\ ,------
td(MOEH-MWRL) --I4+i 

1,.--____ -
MOE§ " ;{ 

t The setting of OS/CS determines whether the value on the MSO bus is an instruction or data. 
:t: MCE dos not toggle at each rising clock edge. 
§ MWR goes high at each rising clock edge. 
NOTE: This example shows a data write followed by a code read. 

Figure 39. Host-Independent Mode MSD Bus Timing, SMJ34082A to Memory with MEMCFG Low 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

I~ tc(ClK) ~I ____ X ., ~~--~, t 
1 14 ~I tp(ClKH-MSAV}' 

14 ~ tp(ClKH-MSAV)1 I ~i4~--I~~I- tY(ClKH-MSA) 

MSA'"" X$X>k ADDRESS O~T x:k ADDRESS O~T tx ADDRESS OUT 

1 1 I 1 -+I '-- tY(MWRH-MSA) 

~ Ip(CLK"'MS~v) I I I 

,----ClK 

DS/CS 

MSDS'", ~ DATA 00{ $ DATA O~....J ~X DATA OUT 

I -+i 14- tp(CI,.KH-DCSH)MH I ~ j+- tY(MWRH-MSD) 

___ ~:4 __ ilp(CLKH-DCSL)MH n : A 
1 I II I I -----
1 ~ tct(MCEH-DCSl)MH ~ t)N(DCSH) I I 

1:7 I I 1 
1 I I 1 

---.... 1-1 I I I 
14 ~i tp(ClKH-MWRl) -t-Il4-- tct(MSAV-MW~l) : ), ri ~LK"'MWRH) 

14--+1- fw(MWRH) 

___ 7 

NOTE: This example shows multiple data writes. Timing for multiple code writes would be similar. This option for using DS/CS as data space chip 
enable and MCE as code space chip enable is invoked by setting the MEMCFG bit high in the configuration register. When MEMCFG is 
high; DS/CS and MCE rise after every riSing clock edge. In this mode, DS/CS and MCE may not both be active (low) althe same time. 
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Figure 40. Host-Independent Mode MSD Bus Timing, SMJ34082A to Memory with MEMCFG High 
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ClK 

MSA15-0 

MSD31-O 

DS/CSt 

SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A- D3592. SEPTEMBER 1990 - REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

14--- tc(ClK) ~: __ ~/ , ~~-----~~ X , _____ _ 
14 ~I tp(CLKH-MSAV) I 

:: 14--+1- tY(CLKH-MSA) ! 
---...,..1 -9<* ADDRESS O~T ** ADDRESS °IUT x~>-------

: ~ ten(t,1AEL-MSAZX) ! ~ 14- tY(MWRH-MSA} I t4-+t- tdls(MAEH-MSAXZ) 

141 i ;:. tP(CLKH-M~~} I I : : : YR DATAOfY ~H><INST.:IN~XX>>----
td(MWRl-~SDZX) +: 14- I I j+ ItY(MWRH-MSD) I I 

I I II I I I I I 
----+-.~ II I I I I y,--------

I II I I I 
I II I : : tp'(CLKH-DCSH)ML 11l1li ~I 
I I I I 
I Ii I I "-.1 Iy------
I II I I 1"1 I If 
I I I 14 I ~I tp(CLKH-DCSL)ML 
14 ~I I tp(CLKH-MCEL) I I I I 

___ -+1_-.... I II I I tp(CLKH-MCEH)ML ~~ 
I "'-II I I I I. 
I I'll I I I I 
I I I ~ tp(C,LKH-MWRH) I 
I -+I 1+-1d(MSAV-MW~L) :: I 
I I I I 
II1II ~I tp(CLKH-MWRH: I I 

-----------------~ I~--~:---------+:--------------
I I -+j,.. fct(MSDZ-MO~L) 
I I I I+---*-

1d(MWRH-MOEL) i4 ~I I tp(CLKH-MOEH) 

----------~--~:~--'k ,r 
II1II ~I tp(CLKH-MOEL) I 

t The setting of DS/CS determines whether the value on the MSD bus is an instruction or data. 
:j: MCE dos not toggle at each rising clock edge. 
§ MOE goes high at each rising clock edge. 
NOTE: This example shows a data write followed by an instruction read. 

Figure 41. Host-Independent Mode, MSD Enable/Disable Timing with MEMCFG Low 

TEXAS ." 
INSlRUMENlS 

POST OFFICE BOX 655303 • DALLAS, TEXAS 75265 C-B3 



SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PARAMETER MEASUREMENT INFORMATION 

l1li tc(CLK) ~I 

J' " ~,..-~, J " 
---- I~ ~I tp(CLKH-MSAV) I I "'-----

I I 'I I 
I I ~~ ~ tv(CLKH-MSA) ! 

MSA15-0 ---..... : -~ ADDRESSO~T $X ADDRESSO~T X)>--t -----

I l++t- ten{MAEL-MSAZX) I ..., ~ t (MWRH-MSA) I ~ dls(MAEH-MSAXZ) 
I I I I I v I I 
I~ Iii I,::: tp(CLKH-MSDY) I I 
: ! ,t~ DATA OUT i *>--<X INST. IN )(X\~----
I I~ I ~ t_ I I I '4 { 
I I I I 'en(MAEL-MSqZX~ I ~ ldls(MAEH-MSDXZ) 

td(MWRL-MSDZX) -"I j4- I -.! :.. Ict(MWRH-MSDXZ) : 
"" II I I Iv,..-----
I" II LL-I ~ 
I : I ~ tp(CLKH-DCSH)MH 

___ -+-:~ __ ~I I tp(CLKH-DCSL)Mti I : ,...1 ------i----------
I 'i-~: I II/.' I 
I 1)1 I:.J.L 
I I I I I ro 1"1 ld(DCSH-MCEL)MH 

I : tp(CLKH-MCEL) I~: I ~I H tp(CLKH-MCEH)MH 

: II : I:~ 1,( 
td(MSAV,;,MWRL) -+I :+- i-+ tp(C~KH-MWRH) : 

~ ~I tp(CLKH-MWRH I I I 
--------~~ I~r-~I~------~:---------------

,"" ---~II-', I -.I ~ ld(MSDZ-MO~L) 
I I I I 

Id(MWRH-MOEL,) ~ ~I l+-+I- tp(CLKH-MOEH) 

: ~ ) 
~ ~I tp(CLKH-MOEL) 

ClK 

MSD31-0 

DS/CS 

NOTE: This example shows a data write followed by an instruction read. Timing for multiple code writes would be similar. This option for using 
OS/CS as data space chip enable and MCE as code space chip enable is invoked by setting the MEMCFG bit high in the configuration 
register. When MEMCFG is high, OS/CS and MCE rise after every rising clock edge. In this mode, OS/CS and MCE may not both be low 
at the same time. 

Figure 42. Host-Independent Mode, MSD Bus Enable/Disable Timing with MEMCFG High 
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SGUS012A - 03592. SEPTEMBER 1990 - REVISED MAY 1991 

PARAMETER MEASUREMENT INFORMATION 

,"----
><><><¥X>OI( ADDRESS'?"T:b< ADDRESS2~UT ggxxx 

I ~ th(CLKH-MSD) I 

~LK~~ I I 

_---+-'17 
~14--"""~:~ tp(ClKH-MOEl); 

_______ I ~ tp(CLKH-MOEH) 

\ 1 n 1/ 
I !4--+t- tw(MOEH) I 
I I 
I I __ ....;7 I I 
I I 
I~ ~ tp(ClKH-LADV) 
I I I 

xxXXXXXXX~Xx% DATA 1 OUT >KXXXgt;A2 

__ ...J7 

t MCE dos not toggle at each rising clock edge. 
:j: MOE goes high at each rising clock edge. 

Figure 43. Host-Independent Mode, MSD to LAD Bus Transfer Timing with MEMCFG High 
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PARAMETER MEASUREMENT INFORMATION 

eLK 

II1II tc(CLK) --~~I 

----} , ~-----, ! 
I ~ tY(CLKH-MSA) I 
I I I I I 
~ • Ip(CLKH-MSAV) I 1 

,,----

MSD31-O X~NST.:INXXXXX % DATA 11N XxXXXDATA 21NXXXXXXXX 
I j 

1 -+j 1+ tp(CLKH-DCSH)MH 1 
___ -!tI __ .... ~ tp(CLKH-DCSL)Mtt 1 I 

: ~ :~ :/ 
14 ~I tp(CLKH-MCEL) 1 14-+1- tw(DCSH) 1 

I 
: 1 -+! j4- tp(CLKH-MCEH)MH : 

----;-I--..-.~ 1 ~ 1 / 

I 1\" 1'1 I" 1 
1 1 1 1 
1 1 I4--+i- tw(MCEH) I 

MSA15-0 X xX>k ADDRESS 1 01T >KX ADDRESS 2 OUT XXXXXX 

I l4-++- t h(CLKH-MSD) I 
I tsu(MSD-CLKH) ~ I 1 

--~i7 : 
14 ~I H- tp(CLKH-MOEH) 

______ .... 1 tp(CLKH-MOEL) 1 I 

" I n __ ....i.--J/ 
1 tW(M?EH)~ 

1 

1 ___ 7 
I I 
I 
14 ~I tp(CLKH-L1DV) 

LAD31-0 XXXXXXXXX v0vvXX% DATA 1 OUT )j(XXXDATA 2 OUT 
~ )1 

I 1 -.: ~ tY(WEH-LAD) 
1 1 I 

__ ..J7 I I 1 

I 1 1 
I ~ tp(CLKH-WEH) 
14 ~I tp(CLKH-WEL) 1 -----------------'l ~~ ____ __ 

~tw(WEH) 

t DS/CS valid for moves to data space; MCE valid for moves to code space. Only one would be valid for each move instruction. 
NOTE: This option for using DS/CS as data space chip enable and MCE as code space chip enable is involved by setting the MEMCFG bit high 

in the configuration register. 

Figure 44. Host-Independent Mode, MSD to LAD Bus Transfer Timing with MEMCF High 
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PARAMETER MEASUREMENT INFORMATION 

~-- tc(CLK) ~I 

,~------,(-. ------,,~------
,"* __ .~ I I.. tv(CLKH-MSA) 

~P(CLKH-MSAV) _I~_",-~ 
,------CLK 

MSD31-O X~X*JUMPiIN%XXXXX INS~.IN xxx xXX X 
I I4+r- th(CLKH-MSD) I 
I tsu(MSD-CLKH) 14---+\ I I 

,.. ~I tp(CLKH-DCSL)"ML I+--+t- tp(CLKH-DCSH)ML 

-------~:---~~ -----~-----------i--;r 
I tp(CLKH-MCEH)ML h I 

i" ~: tp(CLKH-MCEL) I : ~ tp(CLKH-MCEH)ML ----1..: --~ In: r 
I I l4-+!- tw(MCEH) I I 
I tp(CLKH-MCEH)MH -14---+1 I ~ tp(CLKH-MCEH)MH 
I 

DS/cst 

MWR =-./'1 I 
I H tp(CLKH-MOEH) 

I .. I ~ I ~ tp(CLKH-MOELr [""<-...., tw(MOEH) 

--------------{ I n / 
I I ~--------~ 

~(CC-CLKHJ 

------------------~. I I I ~.-------------------------------.; j+- th(CLKH-CC) 

CC* 

t Dotted line shows OS/CS for MEMCFG high. 
:f: The CC input is registered on each rising edge of the clock, so the CC bit can be latched one cycle and tested during the next cycle. 

Figure 45. Host-Independent Mode, MSD Bus Timing Test Condition (CC) and Branch 

TEXAS .. 
INSJRUMENTS 

POST OFFICE BOX 655303 • DALLAS, TEXAS 75265 C-67 



SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

ClK 

OS/cst 

COROY§ 

PARAMETER MEASUREMENT INFORMATION 

~14--tc(CLK) ~I 

--~~ ~ ~---~, % 
I 14 ~I tY(CLKH-MSA) I 

~ "-----
I I I I I xx? ~ fp(CLKH-MSAVI r I ., 'p(CLKH-MSAV] "4--I~~1- tY(ClKH-MSA) 

______ ~II' I i 
I ~I i+--+:- tp(ClKH-MOEH) I 
14 I tp(ClKH-MOEL~ i4--+I- tw(MOEH) i 

/ ----~~ I n II 

i 
I j41---~~'I-I ,... tp(CLKH-COll) 

tp(CLKH-COIH) 14 ~i 1 

i.( i ).'-___ _ 
I 

tp(ClKH-CORl) 114 ~II 1 I 
tIII~f---"~o!-i tp(CLKH-CORH) 

~ ________ A' 
t Dotted line shows DS/CS for MEMCFG high. 
:j: Valid for MEMCFG low only. When MEMCFG low, COINT is set high by the set mask instruction, and it remains high until reset with another set 

mask instruction. 
§ The CORDY output is set low by the set mask instruction, and it remains low until reset with another set mask instruction. 

Figure 46. Host-Independent Mode MSD Bus Timing, SET/RESET COINT and CORDY 
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PARAMETER MEASUREMENT INFORMATION 

1e11lll---tc(CLK) __ ..... ~I , 
I 
_
-__ I I T---\., 

_----'Z ',-_~,{ "y --./: '-
: tp(CLKH-MSAV) 1l1li ~: II , 

I , l1li ~ tv(CLKH-MSA) 

MSA15-0 XXX~XXXXX*X)<>a< VECTOR: OUT % ~>qOO<XX~"X"""'::I~~'" 
I I i+---+I- th(CLKH-MSDV) I 
, I tsu(MSD-CLKH) -+I 1..- I I 

MSD31-0 X~XXx>po6<xxX*I~ST.IN%X ""Ir'$><~I"t""'7'I~XX~ 
I 1l1li ~I tp(CLKH-DC~L)ML I 
I I ~ 'f----- --~------
I I I· I -~----
I tp(CLKH-MCEL) 1l1li ~I I : 
I I I I'" ~II tp(CLKH-MCEH\ML 
I I I I C- --;----
I I "kl I·": 
I I i I 
I I I 
Iii II :::7: I I --+-1----

I \.. ~I tp(CLKH-MO~L) I 
: I: ~I tp(CLKH-MO_EH_)-;-.: ___ _ 

I :).: T i 
-+l ~ th(CLKH-ITR) I I I 

I I 1 I 

DS/CSi' 

~I"--~~i-!I tsu(ITRL-CLKH) I I 

INTRt ~: --+-: ----
14 ~, tw(ITRL) 1 tp(CLKH-ITGL) ~ 

1l1li ~I tp(CLKH-ITGH) I 

------------y, ... ~ INTG 

t Dotted lines show DS/CS and MCE for MEMCFG high. 
:f: INTR is negative-edged triggered. 
NOTE: Interrupts are not granted during multi-cycle instructions. This example shows two interrupt requests. The first is granted immediately; the 

second, after the first is finished. INTG remains high after an interrupt is granted until interrupts are reenabled or a return from interrupt 
instruction is executed. 

Figure 47. Host-Independent Mode, MSD Bus Timing External Interrupt to SMJ34082A 
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PARAMETER MEASUREMENT INFORMATION 

I.. tc(ClK) ----...' I 

ClK /.11 " }---" /,...-~" ______ J ~ ____ -J I ~ ____ JI ~-----

ROY 

lROY 

~ th(ClKH-ROY) I 
lsu(ROYV-ClKH) --IoiI1"1---"'~1 I I 

~~----~-------------~l"---.I---------------­
I th(ClKH-lRO) 

lsu(lRO-ClKH):" ~: : 

~ {------
NOTE: When either ROY or lRDY is set low and the setup time before elK high is observed, the device is stalled for one or more clock cycles, 

until RDY or lRDY is set high again. During a wait state, internal states and status are preserved and output signals do not change. lR DY 
can be used in this manner only in the host-independent mode. 

Figure 48. Host-Independent Mode, MSD Bus Timing Wait State Timing 

PROGRAMMING INFORMATION 

programming the SMJ34082A 

C-70 

The SMJ34082A is supported by a software development tool kit, including a C compiler and an assembler. 
Program development using the tools is described in the TMS34082A tool kit documentation. Information on 
internal instructions and listing of the external instructions are provided in the following sections. 

In both the coprocessor and host-independent modes, the SMJ34082A instruction word is 32 bits long. The 
number, length, and arrangement of fields in the 32-bit word depends on the operating mode and operation 
selected. Internal microcode to the SMJ34082A is not restricted to the same 32-bit instruction formats so certain 
internal programs may execute faster than the same operations written with external code can achieve. 

In the coprocessor mode, the SMJ34082A can execute instructions both from the SMJ34020 and from the 
program memory on the MSD bus (MSD31-0). In the host-independent mode the SMJ34082A is controlled from 
code input on the MSD bus. Internal instructions may be executed in the host-independent mode by performing 
a jump to the internal address. 
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PROGRAMMING INFORMATION 

internal instructions 

The SMJ34082A FPU performs a wide range of internal arithmetic and logical operations, as well as complex 
operations (flagged 't'), summarized below. Complex instructions are multi-cycle routines stored in the internal 
program ROM, 

One-Operand Operations: 

Conversions: 

Absolute Value 
Square Root 
Reciprocalt 

Integer to Single 
Integer to Double 
Single to Double 

Two-Operand Operations: 
Add 
Subtract 
Compare 

Matrix Operations: 
4x4, 4x4 Multiply t 
1 x4, 4x4 Multiply t 

Graphics Operations: 
8ackface Testing t 
Polygon Clipping t 
2-D Linear Interpolation t 
2-D Window Compare t 
2-Plane Clipping (X,Y,Z)t 
2-D Cubic Spline t 

I mage Processing: 
3x3 Convolution t 

Chained Operations: 
Polynomial Expansion t 
1-D MiniMax! 

Vector Operations: 
Addt 
Subtractt 
Magnitudet 
Scalingt 

1 s Complement 
2s Complement 

Single to Integer 
Double to Integer 
Double to Single 

Multiply 
Divide 

3x3, 3x3 Multiply t 
1 x3, 3x3 Multiply t 

Polygon Elimination t 
Viewport Scaling and Conversion t 
3-D Linear Interpolation t 
3-D Volume Compare t 
2-Plane Color Clipping (R,B,G,l)t 
3-D Cubic Spline t 

Multiply/Accumulate t 
2-D Min/Max t 

Dot Productt 
Cross Productt 
Normalization t 
Reflection t 

The internal ROM routines may be used in either the coprocessor or host-independent mode. In the coprocessor 
mode, the internal routines are invoked by SMJ34020 instructions to its coprocessor(s). 

I n the host-independent mode, the internal programs can be called as subroutines by the externally stored code. 
External programs can call internal routines by executing a jump to subroutine with bit 16 (internal code select) 
set high and the address of the internal routine as the jump address. 

The format of the SMJ34082A instruction in the coprocessor mode is shown in Figure 49. The instruction is 
issued by the SMJ34020 via the LAD bus. 

t Indicates a complex instruction. 

TEXAS • 
INSlRUMENTS 

POST OFFICE BOX 655303 • DALLAS, TEXAS 75265 C-71 

' ........ ......,... .......... _44 ..... ' ..... ..,..,...,.J ............ ¥44I' ........... _""', , .... &+ ....... ......-_,..,."."""""' ___ ................. ____ -'--.,~ __ !!!I..,.rIII.~.~IIIII'~""!I~.II".~.,I_II"~II!IIII'!"'II-.......,,--.II'" '~"r 



SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

C-72 

PROGRAMMING INFORMATION 

o 
00000 

Figure 49. SMJ34082A Instruction 

The 3-bit 10 field identifies the coprocessor for which the instruction is intended. This coprocessor ID 
corresponds to the settings of the CI02-CIDO pins. To broadcast an instruction to all coprocessors, the 10 is set 
to 4h. 

Table 5. Coprocessor 10 
10 COPROCESSOR 

000 FPUO 

001 FPU1 

010 FPU2 

011 FPU3 

100 FPU broadcast 

101 Reserved 

110 Reserved 

111 User defined 

Four coprocessor addressing modes are defined for the SMJ34082A. The md field indicates the addressing 
mode. 

Table 6. Addressing Modes 
MODE MOFIELD OPERATION 

0 00 FPU internal operations with no jump or external moves 

1 01 Transfer data tolfrom SMJ34020 registers 

2 10 Transfer data to/from memory (controlled by SMJ34020) 

3 11 External instructions 

The type and size bits identify the type of operand; as shown below in Table 7. The I bit is used to indicate to 
the SMJ34082A that this is a reissue of a coprocessor instruction due to a bus interruption. The least significant 
four bits are the bus status bits, which will all be zero to indicate a coprocessor cycle. 

Table 7. OPERAND Types 
TYPE SIZE OPERAND TYPE 

0 0 32-bit integer 

0 1 Reserved 

1 0 Single-precision floating-point (32-bit) 

1 1 Double-precision floating-point (64-bit) 

The ra, rb, and rd fields are for the two sources and destination within the FPU. Register addresses are listed 
in Table 1. For the ra and rb fields, only the four least significant bits of the register address are used. The ra 
field may only use the RA register file, C, and CT. The RS field may only use the RS register file, C and CT. 

The Floating-Point Unit Operation (fpuop) field is the FPU opcode (5 bits) described in Tables 8, 9, and 10. 

In the coprocessor mode, the SMJ34082A executes user-defined routines (stored in external memory on the 
MSO bus) by executing a jump to external code. For this instruction, the md field (bits 15-13) is set high and the 
fpuop field gives the routine number (0-31). The SMJ34082A multiplies the routine number by two to getthe jump 
address. For example, routine number 14 would have a jump address of 28 decimal or 1 C hex. 
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PROGRAMMING INFORMATION 

The routines are coded using the external instruction format discussed in the next section. The last instruction 
should be a jump to internal instruction address OFFFh with the I-bit(internal) set or a return from subroutine 
instruction. This puts the FPU in an idle state, waiting for the next instruction from the SMJ34020. 

Table 8. Coprocessor Mode Instructions 
FPUOP TMS34020 ASSEMBLER OPCODE DESCRIPTION 

00000 ADDx Sum of ra and rb, place in rd 

00001 SUBx Subtract rb from ra, place result in rd 

00010 CMPx Set status bits on result of ra minus rb 

00011 SUBx Subtract ra from rb, place result in rd 

00100 ADDAx Absolute value of sum of ra and rb, place result in rd 

00101 SUBAx Absolute value of (ra minus rb), place result in rd 

00110 MOVE or MOVx Load multiple FPU registers from SMJ34020 GSP or its memory 

00111 MOVE or MOVx Save multiple FPU registers to SMJ34020 GSP or its memory 

01000 MPYx Multiply ra and rb, place result in rd 

01001 DIVx Divide ra by rb, place result in rd 

01010 INVx Divide 1 by rb, place result in rd 

01011 ASUBAx Absolute value of ra minus absolute value of rb, place in rd 

01100 reserved 

01101 MOVEx Move ra to rd, multiple, for n registers 

01110 MOVEx Move rb to rd, multiple, for n registers 

01111 (see Table 10) Single operand instructions, rb field redefined 

10000 CPWx Compare point to window (set XLT, XGT, YLT, TGn 

10001 CPVx Compare point to volume (set XLT, XGT, YLT, YGT, ZLT, ZGT) 

10010 BACKFx Test polygon for facing direction (backface test) 

10011 INMNMXx Setup FPU registers for MNMX1 or MNMX2 instruction 

10100 L1NTx Given [X1, Y1, Z1], [X2, Y2, Z2], and a plane, find [X3, Y3, Z3] 

10101 CLlPFx Clip a line to a plane pair boundary (start with point 1) 

10110 CLlPRx Clip a line to a plane pair boundary (start with point 2) 

10111 CLlPCFx Clip color values to a plane pair boundary (start with point 1) 

11000 SCALEx Scale and convert coordinates for viewpoint 

11001 MTRANx Transpose a matrix 

11010 CKVTXx Compare a polygon vertex to a clipping volume 

11011 CONVx 3x3 convolution 

11100 CLlPCRx Clip color values to a plane pair boundary (start with point 2) 

11101 OUTC3x Compare a line to a clipping value 

11110 CSPLNx Calculate cubic spline for given coefficients 

11111 (see Table 11) Vector and matrix instructions, rb field redefined 
.. 

F denotes Single-preciSion, D denotes double-precision f1oatlng-pomt, x denotes operand type, and a blank deSignates signed mteger 
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PROGRAMMING INFORMATION 

Table 9. Coprocessor Mode Instructions, FPUOP = 011112 
RB TMS34020 ASSEMBLER OPCODE DESCRIPTION 

0000 PASS Copy ra to rd 

0001 NOT Place 1 s complement of ra in rd 

0010 ABS Place absolute value of ra in rd 

0011 NEG Place negated value of ra in rd 

0100 CVDF Convert double in ra to single in rd (T and S define ra) 

0100 CVFD Convert single in ra to double in rd (T and S define raj 

0101 CVDI Convert double in ra to integer in rd (T and S define ra) 

0101 CVFI Convert single in ra to integer in rd (T and S define raj 

0110 CVID Convert integer in ra to double in rd (T and S define raj 

0110 CVIF Convert integer in ra to single in rd (T and S define raj 

0111 VSCLx Multiply each component of a velocity by a scaling factor 

1000 SQARx Place (ra ... raj in rd 

1001 SQRTx Extract square root or ra, place in rd 

1010 SQRTAx Extract square root of absolute value of ra, place in rd 

1011 ABORT Stop execution of any FPU instruction 

1100 CKVTXI Initialize check vertex instruction 

1101 CHECK Check for previous instruction completion 

1110 MOVMEM Move data from system memory to external memory @ MCADDR 

1111 MOVMEM Move data to system memory from external memory @ MCADDR 

Table 10. Coprocessor Mode Instructions, FPUOP = 111112 
RB TMS34020 ASSEMBLER OPCODE DESCRIPTION 

0000 POLYx Polynomial expansion 

0001 MACx Multiply and accumulate 

0010 MNMX1x Determine 1-0 minimum and maximum of a series 

0011 MNMX2x Determine 2-D minimum and maximum of a series of pairs 

0100 MMPYOx Multiply matrix elements 0, 1, 2, 3 by vector element 0 

0101 MMPY1x Multiply matrix elements 4, 5, 6, 7 by vector element 1 

0110 MMPY2x Multiply matrix elements 8, 9, 10, 11 by vector element 2 

0111 MMPY3x Multiply matrix elements 12, 13, 14, 15 by vector element 3 

1000 MADDx Add matrix elements 12,13,14, 15 to vector 

1001 VADDx Add two vectors 

1010 VSUBx Subtract a vector from a vector 

1011 VDOTx Compute scalar dot product of two vectors 

1100 VCROSx Compute cross product of two vectors 

1101 VMAGx Determine the magnitude of a vector 

1110 VNORMx Normalize a vector to unit magnitude 

1111 VRFLCTx Given normal and incident vectors, find the reflection 

F denotes single-precision, 0 denotes double-precision floating-point, x denotes operand type, and a blank designates signed integer 
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PROGRAMMING INFORMATION 

External instructions are 32 bits long, and their formats (number, length, and function of fields) depend on the 
operations being selected. Separate formats are provided for data transfers, FPU processing, test and branch 
operations, and subroutine calls. 

Instructions that control FPU operations can select operands from input registers, internal feedback, orfrom the 
LAD bus (32-bit operations only). The format for an FPU processing instruction is shown in Figure 50. 

15 11 o 
INSTRUCTION 

Figure 50. FPU Processing External Instruction Format 

The op field selects the sequencer operation. Three continue instructions are available to permit control of the 
WE and ALTCH strobe outputs, which enable LAD output in the host-independent mode. The ra, rb, and rd fields 
are for the two sources and destination in the SMJ34082A register file. The seLop field selects the source of 
the operands: register file or feedback registers. The instruction field designates the operation to be performed. 

External instructions and cycle counts are listed in Table 11. Absolute values of operands or results, negated 
results, and wrapped number inputs are selectable options. Chained operations, using the multiplier and ALU 
in parallel, and other instructions to control program flow and move data are included. 

External instruction timing depends on the pipeline registers setting, controlled by the PIPES2-1 bits in the 
configuration register. Most FPU processing instructions (with the exception of divide, square root, and 
double-precision multiply) execute in one cycle per pipeline stage. 
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Table 11. External Instructions and Timing 
SMJ34082A ASSEM BLER DESCRIPTION PIPES2-1 PIPES2-1 PIPES2-1 PIPES2-1 

OPCODE OF ROUTINE 11 10 01 00 

ADD Add A + B 1(1) 2(1) 2(1) 3(1) 

AND Logical AND A, B 1(1) 2(1) 2(1) 3(1) 

ANDNA Logical AND NOT A, B 1(1) 2(1) 2(1) 3(1) 

ANDNB Logical AND A, NOT B 1(1) 2(1) 2(1) 3(1) 

CJMP Conditional jump 1(1) 1(1) 1(1) 1(1) 

CSJR Conditional jump to subroutine 1(1) 1(1) 1 (1) 1(1) 

CMP Compare A, B 1(1) 2(1) 2(1) 3(1) 

COMPL Pass 1 s complement of A 1 (1) 2(1) 2(1) 3(1) 

DIV Divide AI B 
SP 8(8) 8(7) 9(7) 9(7) 
DP 13(13) 13(12) 15(12) 15(12) 
integer 16(16) 16(15) 17(15) 17(15) 

DTOF Convert from DP to SP 1 (1) 2(1) 2(1) 3(1) 

DTOI Convert from DP to integer 1(1) 2(1) 2(1) 3(1) 

DTOU Convert from DP to unsigned integer 1(1) 2(1) 2(1) 3(1) 

FTOD Convert from SP to DP 1 (1) 2(1) 2(1) 3(1) 

FTOI Convert from SP to integer 1(1) 2(1) 2(1) 3(1) 

FTOU Convert from SP to unsigned integer 1(1) 2(1) 2(1) 3(1) 

ITOD Convert from integer to DP 1(1) 2(1) 2(1) 3(1) 

ITOF Convert from integer to SP 1 (1) 2(1) 2(1) 3(1) 

LD Load n words into register 
SP n+1 n + 1 n + 1 n + 1 
DP 2n+ 1 2n + 1 2n+ 1 2n + 1 
integer n+1 n + 1 n+1 n+1 

LDLCT Load loop counter with value 1(1) 1(1) 1 (1) 1(1) 

LDMCADDR Load MCADDR with value 1(1) 1(1) 1 (1) 1(1) 

MASK Set programmable mask 1(1) 1(1) 1 (1) 1 (1) 

MOVA Move A (no status flags active) 1 (1) 2(1) 2(1) 3(1) 

MOVLM Move n words from LAD bus to MSD bus 
SP n+1 n+1 n+1 n+1 
DP 2n+ 1 2n + 1 2n + 1 2n + 1 
integer n+1 n + 1 n + 1 n+1 

MOVML Move n words from MSD bus to LAD bus 
SP n+1 n + 1 n+1 n+1 
DP 2n + 1 2n + 1 2n + 1 2n + 1 
integer n+1 n + 1 n+1 n+1 

MOVRR Multiple move, register to register 
SP n+1 n+1 n+1 n+1 
DP 2n + 1 2n + 1 2n+ 1 2n + 1 
integer n+1 n+1 n + 1 n+1 

MULT.ADD Multiply A1 * B1, Add A2 + B2 
SP 1(1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1 (1) 2(1) 2(1) 3(1) 

DP denotes double-precision, and SP denotes single-precision. 
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SMJ34082A ASSEMBLER 
OPCODE 

MULT.NEG 

MULT 

MULT.PASS 

MULT.SUB 

MULT.2SUBA 

MULT.SUBRL 

NEG 

NOR 

OR 

PASS 

PASS 

PASS.ADD 

PASS.NEG 

PASS. PASS 

PASS.SUB 

PASS.2SUBA 

SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A-D3592. SEPTEMBER 1990- REVISED MAY 1991 

PROGRAMMING INFORMATION 

Tabale 11. External Instructions and Timing (Continued) 
DESCRIPTION PIPES2-1 PIPES2-1 PIPES2-1 PIPES2-1 
OF ROUTINE 11 10 01 00 

Multiply A1 .. 81. Subtract 0 - A2 
SP 1(1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1(1) 2(1) 2(1) 3(1) 

Multiply A .. 8 
SP 1(1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1(1) 2(1) 2(1) 3(1) 

Multiply A1 .. 81. Add A2 + 0 
SP 1(1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1(1) 2(1) 2(1) 3(1) 

Multiply A1 .. 81. Subtract A2 - 82 
SP 1(1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1(1) 2(1) 2(1) 3(1) 

Multiply A1 .. 81. Subtract 2 - A2 
SP 1 (1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1(1) 2(1) 2(1) 3(1) 

Multiply A1 .. B1, Subtract 82 - A2 
SP 1 (1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1(1) 2(1) 2(1) 3(1) 

Pass -A (2s Complement) 1 (1) 2(1) 2(1) 3(1) 

Logical NOR A, B 1 (1) 2(1) 2(1) 3(1) 

Logical OR A, B 1 (1) 2(1) 2(1) 3(1) 

Pass A 1 (1) 2(1) 2(1) 3(1) 

Pass B 1 (1) 2(1) 2(1) 3(1) 

Multiply A1 .. 1, Add A2 + B2 
SP 1(1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1 (1) 2(1) 2(1) 3(1) 

Multiply A1 .. 1, Subtract 0 - A2 
SP 1 (1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1 (1) 2(1) 2(1) 3(1) 

Multiply A1 .. 1, Add A2 + 0 
SP 1(1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1(1) 2(1) 2(1) 3(1) 

Multiply A1 .. 1, Subtract A2 - B2 
SP 1 (1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1 (1) 2(1) 2(1) 3(1) 

Multiply A1 .. 1, Subtract 2 - A2 
SP 1 (1) 2(1) 2(1) 3(1) 
DP 2(2) 3(2) 3(2) 4(2) 
integer 1 (1) 2(1) 2(1) 3(1) 

DP denotes double-precision, and SP denotes single-precision. 
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SMJ34082A 
·GRAPHICS FLOATING-POINT PROCESSOR 

03592, SEPTEMBER 1990 - REVISED MAY 1991 - SGUS012A 

PROGRAMMING INFORMATION 

Table 11. External Instructions and Timing (Continued) 
CYCLE COUNTS 

SMJ34082A ASSEMBLER DESCRIPTION 
PIPES2-1 PIPES2-1 PIPES2-1 PIPES2-1 

OPCODE OF ROUTINE 
11 10 01 00 

RTS Return from subroutine 1 (1) 1 (1) 1 (1) 1(1) 

SLL Logical shift left A by B bits 1 (1) 2(1) 2(1) 3(1) 

SQRT Square root of A 
SP 11(11) 11(10) 12(10) 12(10) 
DP 16(16) 16(15) 17(15) 17(15) 

integer 20(20) 20(19) 21(19 21(19) 

PASS.SUBAL Multiply A1 • 1, Subtract B2 - A2 
SP 1 (1) 2(1) 2(1) 3(1) 

DP 2(2) 3(2) 3(2) 4(2) 

integer 1 (1) 2(1) 2(1) 3(1) 

SRA Arithmetic shift right A by B bits 1(1) 2(1) 2(1) 3(1) 

SAL Logical shift right A by B bits 1 (1) 2(1) 2(1) 3(1) 

ST Store n words from register 
SP n+1 n+.1 n+1 n+1 
DP 2n + 1 2n+ 1 2n + 1 2n+ 1 
integer n+1 n+1 n+1 n+1 

SUB SubtractA-B 1(1) 2(1) 2(1) 3(1) 

SUBRL Subtract B-A 1 (1) 2(1) 2(1) 3(1) 

UTOD Convert from unsigned integer to DP 1 (1) 2(1) 2(1) 3(1) 

UTOF Convert from unsigned integer to SP 1 (1) 2(1) 2(1) 3(1) 

UWAAPI Unwrap inexact operand 1 (1) 2(1) 2(1) 3(1) 

UWRAPA Unwrap rounded operand 1 (1) 2(1) 2(1) 3(1) 

UWAAPX Unwrap exact operand 1 (1) 2(1) 2(1) 3(1) 

WRAP Wrap denormalized operand 1 (1) 2(1) 2(1) 3(1) 

XOR Logical exclusive OR A, B 1(1) 2(1) 2(1) 3(1) 

DP denotes double-precision, and SP denotes single-precision. 
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SMJ34082A 
GRAPHICS FLOATING-POINT PROCESSOR 

SGUS012A - 03592. SEPTEMBER 1990 - REVISED MAY 1991 

MECHANICAL DATA 

GB pin-grid-a~ray ceramic package 

This is a hermetically sealed package. 

145-PIN GB 

INDEX CORNER 
MARK OR CHAMFER 
1,27(0.05) X 45 
(PIN A-i) 

~ 40, 1(1.580) ----41~ 
1- 37,6(1.480) - I 

~. ~l 

(TOP VIEW) 
40,1(1.580) 
37,6(1.480) 

S,n(0.225) J 
2,54(0.100) 1---c 1,78(0.070) 

~ 11 · ~ J 1,02(0.040) 

S,~0.200) ~ I ~f~o,~o~! ~ ~ ~ ~ ~=l ~o.OSO) NOM 

2,54(0.100) 0,406(0.016) -+/14- DIA (4 PLACES) 
DIA TYP (SEE NOTE E) 

2,54(0.100) TYP 

@@@@@@@@@@@@@@@ 
@O@@@@@@@@@@@O@ 
@@@@@@@@@@@@@@@ 
@@@ @@@ 
@@@ @@@ 
@@@ @@@ 
@@@ @@@ 
@ @ @ (BOnOM VIEW) @ @ @ 
@@@ @@@ 
@@@ @@@ 
@@@ @@@ 
@@@@ @@@ 
@@@@@@@@@@@@@@@ 
@O@@@@@@@@@@@o@ 
@@@@@@@@@@@@@@@ 

123456789101112131415 

2,54(0.100) TYP 
(SEE NOTE D) 

ALL LINEAR DIMENSIONS ARE IN MILLIMETERS AND PARENTHETICALLY IN INCHES 

NOTES: D. Pins are located within 0,13 (0.005) radius of true position relative to each other at maximum meterial condition and within 
0,457 (0.018) radius of the center of the ceramic. 

E. Dimensions do not include solder finish. 
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Appendix D 

Maximizing Your MFLOPS 
with the TMS34082 and 

Motorola MC68030 

This application report demonstrates one way that the TMS34082 
floating-point processor can be coupled to a Motorola MC68030 
microprocessor for high-performance and cost-effective, IEEE 74-1985 
compatible, floating-point solutions. 
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Overview 

Objectives 

The TMS34082 Floating-Point Processor from Texas Instruments is a cost-effective, high-performance 
floating-point device. The objective of this application report is to demonstrate one way that the TMS34082 
floating-point processor can be tightly coupled to a Motorola MC68030 micr oprocessorforhigh-performanceand 
cost-effective, IEEE 754-1985 compatible, floating-point solutions. This application report is for Motorola 
MC680xO users who interface to the VME/VSB bus, develop stand-alone systems, or who require fast 
floating-point processor solutions. 

This document will show the simplicity and efficiency with which the TMS34082 interfaces with the Motorola 
MC68030 as a parallel floating-point processor. This report will also show the advanced floating-point capabilities 
of the TMS34082 compared to the Motorola MC6888X family. 

Direct comparisons have been made between Motorola's coprocessor family and the TMS34082 Floating-Point 
Processor. Table 1 in the perfonnance analysis section details a comparison of the TMS34082 and the Motorola 
MC68881. The results clearly show the increase in performance realized by choosing the TMS34082 as the host 
floating-point processor. By operating the TMS34082 in parallel with the Motorola MC68030, multiple operations 
can be processed simultaneously for enhanced perfonnance. 

When running the TMS34082 floating-point processor in parallel with the Motorola MC68030 as a host, the host 
processor must ensure the floating-point processor is always busy. In addition, the host processor must also have 
access to the floating-point processor's outputs and complete control for immediate stalls or interrupts. Details of 
the system architecture can be found in the System Architecture section. 

TMS34082 Overview 

The TMS34082 has features that are unique to floating-point processors. Some of these features are described 
below. 

• Dual buses for accessing both data space and code space: This design allows you to download data over 
the LAD bus and transfer both instructions and data over the MSD bus, using the TMS34082's ability 
to simultaneously load instructions and operands over its two buses. 

• Dynamic bus-switching: The CC pin can be triggered to affect an immediate jump to a preloaded 
address. Similar to an interrupt, this feature lets you jump straight to a routine in SRAM. 

• Pipelining: The Harvard architecture within the TMS34082 allows pipelined data flow through the 
internal TMS34082 FPU, maximizing sustained throughput. 

• Dynamic pipeline settings: Dynamic pipelining allows flexibility with data flow and feedbacks. Pipeline 
settings in the configuration register will direct feedback to registers, maximize throughput, or process 
vectors. 

• FAST vs IEEE mode: The TMS34082 can function in fully IEEE 754-1985 compatible mode as well 
as in a mode that allows flushing all denonnalizezd nwnbers to zero (FAST mode). 

• Exception handling: The internal structure of the TMS34082 allows detection of status exceptions via 
software interrupts that generate address vectors to exception handling subroutines. 
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Internally, the TMS34082 has 22 onboard registers, which are well suited for matrix multiply graphic routines. 
It also has selectable data formats such as 32-bit integer, 3 2-bit floating-point, and 64-bit floating-point processors. 
In addition, there are internal programs for vector, matrix, and graphics operations. 

The TMS34082s dual-bus structure gives you greater design flexibility. You can dynamically switch between the 
LAD and MSD buses while downloading instructions and data. Results are output on either the LAD or MSD bus. 

System Architectu re 

System Overview 

Memory mapping is chosen to interface the TMS3 4082 to the MotorolaMC68030 in this design because itis direct 
and yields high-performance solutions. Furthermore, memory mapping allows the designer the flexibility to 
develop the floating-point processing interface around system memory. 

Parallel processing provides the greatest throughput when coupling the TMS34082 to the Motorola MC68030 
processor. In this design, the parallel processing tasks use buffers for data, instructions, and output (see Figure 1). 
The TMS34082 receives instructions and secondary data via the MSD bus from a dual-port SRAM (DP-SRAM). 
The dual-port SRAM has been preloaded by the Motorola MC68030. Primary data is obtained over the LAD bus 
through a FIFO buffer, which has also been preloaded by the Motorola MC68030. 

Employing a FIFO buffer to download data to the LAD bus makes effective use of the Motorola MC68030's 
blocking loading capability, thus freeing the host processor for other functions. The LAD bus FIFO buffer can 
block load the TMS34082's internal registers with minimal overhead. 

After receiving the data, the TMS34082 completes its calculations and writes its results into the dual-port SRAM 
buffer. To communicate when the calculations have been completed, the TMS34082 can interrupt the Motorola 
MC68030 and tell it to poll to the dual-port SRAM for output. Alternately, an optimizing compiler can set up 
boundary limits indicating when the DP-SRAM is full. 

Dual-Port 
MSD Bus 

........ TMS34082 
SRAM ... 

~~ 
~, 

~ 

LAD Bus 
PC/AT Motorola 

~ ... Host ~ ... MC68030 Host ... FIFO r-, ... 
SRAM 

... 
Interface Processor 

Figure 1. Motorola MC68030 Interface to the TMS34082 - Block Diagram 

The system is initialized through a bootstrap loader program. The TMS34082 reads its start-up data through the 
LAD bus and transfers it via the MSD bus to the DP-SRAM. The fIrst word of data is used to load the confIguration 
register. After 65 clock cycles, the onboard program counter resets itself to 0 and reads from that address in the 
DP-SRAM. 

The Motorola MC68030 receives its code and data from a dual-port, 8K x 32 SRAM. The SRAM information is 
uploaded from an PC/AT supervisory host through address and data buffers. The bus arbitration handshaking 
between the PC/AT bus and the Motorola MC68030 is accomplished by I/O mapping on the PC/AT. 
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Maximum throughput could be realized with an optimizing compiler by grouping functions and operands so that 
calculations can be pipelined and the registers can be loaded as a block. 

As a download host, the IBM PCI AT is accessible to most users, allowing the duplication of this design with 
relative ease. 

Objectives and Trade-Offs 

The design objectives during the initial phases of the project were, in order of rank: perfonnance, cost, size, and 
power. To maximize performance while keeping costs to a minimum, the following guidelines were used: 

• Gain in performance should be commensurate with the gain in cost. In other words, a 10% increase in 
perfonnance must be justified by no more than 10~ gain in cost. 

• A primary objective was to demonstrate the TMS34082 's full capabilities by operating at maximum 
speed without wait states. This is accomplished by using parts that sufficiently meet the TMS34082 
throughput requirements for maximum perfonnance. 

There are two schools of thought in processing floating-point operands. The first is to load all data from the 
Motorola MC68030 host through the FIFOs onto the LAD bus. Instructions and other data are loaded into the 
DP-SRAM, which the TMS34082 could access over the MSD bus. Results are then placed back into the DP-SRAM 
and read by the Motorola MC68030. This method is slightly faster, but requires a more sophisticated compiler. 

The other approach is to toggle the CC signal to the TMS34082. CC is activated by setting the appropriate mask 
bit in the configuration register. Toggling CC signals the TMS34082 program loads an address vector over the 
LAD bus that points to an MSD address in external memory. The TMS34082 then executes the routine at this 
address. This example is useful when the DP-SRAM acts as a monitor and contains routines that are accessed 
frequently. An optimizing compiler would load relevant operands to the DP-SRAM or to TMS34082 internal 
registers and then point to a routine contained in DP-SRAM. The trade-off is that one clock cycle is lost in the jump 
process, but the compiler would have less overhead. 

Software Description 

Overview of Code Development 

The objective of the software programs is to demonstrate the full capabilities of the TMS34082. Operands to the 
TMS34082 are represented in single-precision, double-precision, and integer formats. 

Other features presented in these programs are: 

• matrix operations, 
• conversions between formats, 
• arithmetic operations, 
• vector processing, 
• feedback operations, 
• internal ROM routines, 
• and block moves, making efficient use of the internal register set. 

All of the resident software has been written in the processor's respective assembler language. Software driving 
the PC/AT is primarily written in C or assembly language. 
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Code development necessarily begins with the 1MS34082. This then becomes the data code for the Motorola 
MC68030. Routines are written in Motorola MC68030 assembly language to handle data uploads to the FIFO, both 
uploads and downloads of data/instruction code to the DP~SRAM, and Motorola MC68030 host code resident in 
the 8K x 32 host SRAMs. 

The initial code supplied to host SRAMs is transferred from the PCI AT. The resident Motorola MC68030 assembly 
language routines are translated from that fonnat to one that the PO AT recognizes. 

The test software developed for this system writes and reads data from the host SRAM to test for correctness, 
address range functionality, and setup time validity. In addition, it allows thorough testing of the PCI AT bus and 
validation of host memory setup and hold times. The MS-DOS debugger is initially used for testing, while C code 
is implemented for more thorough test capabilities. In addition, the C code allows for ready upload and download 
of system software routines. 

Big Endian, Little Endian 

Programmers of this system must take into consideration the differences between Big Endian and Little Endian. 
The Motorola MC68030 device memory can be addressed on a byte-by~byte basis. The data for each byte in a 
32-bit word (long word) is in order from most significant to least significant bit. But, the bytes are arranged in order 
of least significant to most significant (Little Endian). Intel microprocessors reverse their bytes as compared to 
Motorola processors. Intel· arranges bytes from most significant to least significant (Big Endian). Figure 2 
illustrates further details on byte arrangement. The hardware description, Appendix B, details more infonnation 
on mixed implementation of Big Endian/Little Endian. 

The PCI AT's backplane uses a different technique to address memory. A byte starts on an addressable byte 
boundary. A word consisting of two bytes starts on an arbitrary boundary, and the high byte corresponds to a high 
address (see Figure 2), while the low byte corresponds to a low address. 

Code written for this design must take these data fonnats into consideration. 
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Motorola MC68030 

Data 

Long Word $ 0000 0000 

Word $ 0000 0000 I Word $ 0000 0002 

Byte $ 0000 0000 I Byte $ 0000 0001 J Byte $ 0000 0002 I Byte $ 0000 0003 

Long Word $ 0000 0004 

Word $ 0000 0004 I Word $ 0000 0006 

Byte $ 0000 0004 I Byte $ 0000 0005 J Byte $ 0000 0006 I Byte $ 0000 0007 

Intel 80286 

Data 

Word $00000 

Byte $ 00001 I Byte $ 00000 

Word $ 00002 

Byte $ 00003 I Byte $ 00002 

TMS34082 

Data 

Long Word $ 0000 

Long Word $ 0001 

Address 

$0000 0000 

$ 0000 0004 

Address 

$00000 

$00002 

Address 

$0000 

$0001 

Figure 2. Data Organization in Memory 
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TMS34082 Code Development 

Code for the TMS34082 includes a bootstrap loader, hardware test, and processorroutines. During startup,routines 
confion proper operation of all supporting hardware such as the SRAMs and FIFOs, to ensure the functioning of 
interfaces to the Motorola MC68030 host and to evaluate the accuracy of internal TMS34082 finnware. 

A simple walking 1 s and Os is used to check the DP-SRAMs. The FIFOs can be checked with the bootstrap routine 
to verify that the proper data is being clocked through the device. In addition, the bootstrap also confinns LAD 
to MSD bus transfers. The bootstrap is enacted by the Motorola MC68030 by asserting the HALT and the INTR 
pins. (Consult the TMS34082 data sheet for bootstrap timing characteristics.) 

The main software routine will make use of all therelevantinternal instructions that demonstrate theTMS34082's 
processing capabilities. 1\vo subprograms demonstrating the device's superior floating-point capabilities in 
processing matrix-multiply and transcendental functions are also included. Further, the TMS34082 can be reset 
either by the host processor, by the PC/AT, or manually_ 
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and SRAM 
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Figure 3. Block Diagram - TM534082 Code 

Maximizing Your MFLOPS with the TMS34082 and Motorola MC68030 



Motorola MC68030 Code Development 

The Motorola MC68030 software is divided into six sections: 

1. test, 
2. read data/code from host SRAM, 
3. output code to FIFOs and DP-SRAMs, 
4. retrieve code from DP-SRAM, 
5. and write data back to host SRAM. 

Transferring data is relatively simple and can be seen in detail under the Software Listing section. The fundamental 
purpose of the test section is to check the DP-SRAM access and functionality from the Motorola MC68030 side. 
Checkout of the FIFOs has already been completed by the TMS34082 software. The host SRAM needs to be 
checked by the PC/AT before loading and by the Motorola MC68030 upon startup to verify correct dual access 
after arbitration (see Figure 4). 

Motorola MC68030 
Test of HIW 1<l1li"'1-----, 

(Status Toggle) 

Motorola 
MC68030 

Jumps to Startup 

Low 

Retrieve Data 
fromSRAM 

Idle Until Interrupt 

Figure 4. Block Diagram - Motorola MC68030 Code 
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Intel 80286 Code Development 

The PCI AT code has five primary functions (see Figure 5): 

1. to upload and download code to Motorola MC68030's host SRAM. 
2. to test hardware, 
3. to provide for a convenient development platfonn. 
4. to perfonn as a supervisory controller, 
5. and to establish communication with the host system. 

Download 
Test Code 

To HostSRAM 

PCIAT 
Relinquishes Bus 

Low 

No 

Download Main 
Program Datal 

Code 

Read Host SRAM 
from Output 

Figure 5. Block Diagram - PC/AT Code 
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Hardware Description 

Overview 

The board is an add-on card that fits into a 16-bit PCI AT slot. The speed at which the PCI AT bus accesses the board 
is not critical, since it acts as a supervisory host only. Its purpose is to transfer data to the 8K x 8 SRAM, control 
bus arbitration, and to read status signals on the card. See the enclosed schematics section for details. 

The hardware is best described by breaking the board down into two subsystems: the PCI AT interface and the 
Motorola MC68030 subsystem. 

PCIAT Interface 

Two types of data are down loaded from the PCI AT to the Motorola MC68030: memory and I/O information. In 
the PCIAT, main memory is established for addresses OOOOOOH to 07FFFFH (SI2K), I/O expansion ROM for 
locations OCOOOOH-ODFFFFH, and prototype card I/O addresses for 300H-31FH. The software for this design 
makes use of all three of these memory ranges. All system development software is written in the S12K bytes of 
user memory space. 

To down load data to the board's 8K words host SRAM an address in the middle of the PCI AT's I/O expansion 
ROM memory is chosen, ODOOOOH. Thus, 8K words (32 bits wide) is placed in addresses ODOOOOH-OD8000H 
(See Figure 6). 

OOOOOOH - 7FFFFH - System Memory (512K) 

00000 - 08000H - Memory Buffer (32K::8KX32) 

318H I 31AH I 31CH - 110: Prototype Card 

Figure 6. PCIAC Interface: 110 and Memory Addressing 

Since the PCIAT system bus is 16 bits wide, it needs to match the 32-bit logic of the Motorola 
MC68030/TMS34082 system. Interface decode logic handles this by way of an odd/even address toggle, i.e. an 
even address indicates the lower 16 bits and an odd address indicates the upper 16 bits. Data must be loaded 
sequentially for this to function properly. An alternative would be to use the dynamic bus sizing capabilities of 
the Motorola MC68030, but this would require additional handshake logic and minimize real estate for future 
expansion plans. 

The PCI AT Technical Reference Manual reconnnends that prototype I/O addresses lie between 310H and 31FH. 
Input/output data is configured to be read and written from address 318H. I/O is mainly used to control bus 
arbitration, to read status infonnation, and to avoid address bus contention. 

If you are only designing with the Motorola MC68030 and the TMS34082, then no design changes need to be made 
to compensate for byte addressing. However, if you prefer to implement the design as it is described in this report, 
byte addressing is of concern. While both Motorola's MC68030 and Intel's 80286 have their MSB at the leftmost 
position, the order in. which the bytes are addressed is reversed, also known as a Big Endian/Little Endian format. 

Two simple solutions present themselves. The first, a software solution, is to write code to reverse the byte order. 
The second, a hardware solution, is to simply reverse the data bits to match the byte order. For a prototype system 
such as this, a software solution is the preferred choice. 

The PCI AT interface subsystem uses four PALs to handle address decoding for memory and I/O mapping, status 
acquisitions, and bus arbitration (See Figure 1). 
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Host Processor Interface 

This design operates in purely synchronous mode, reducing the overhead logic required to notify the Motorola 
MC68030 of data size acknowledgements and reducing instruction overhead. 

To assist the system designer in applying the TMS34082 to their Motorola MC68030-based system, the following 
guidelines have been used: 

• Interrupts to the Motorola MC68030 are disabled by pulling the signals IPLO, IPLl, IPL2 high. This 
implies that AVEC is tied high, which also simplifies synchronous operations. 

• Occasionally, the TMS34082 and the Motorola MC68030 may attempt to access the same address 
location in the DP-SRAM, causing a collision. This contention is handled by having the DP-SRAM's 
BUSY flag pull the BERR and the HALT signals low simultaneously to delay the current cycle. 

• Because this application always uses 32-bit data fonnats, DSACKO and DSACKI are pulled high to 
prevent assertion during synchronous operation with STERM. 

• STERM is decoded as a synchronous bus cycle tenninator. This also reduces bus cycle delays due to 
misaligned transfers as they are always 32 bits wide. 

• Since this project employs relatively fast SRAMs, external cache is not needed and Motorola MC68030 
internal cache is not used. Therefore, CIN, CDIS, and CBACK are tied high. This also assists in 
stabilizing the setup and hold times during periods when AS is asserted during sychronous operations. 

• The memory management features of the Motorola MC68030 are not used. Consequently, MMUDIS is 
tied high. 

• Arbitration between the PCI AT bus and the Motorola MC68030's bus is handled by onboard PAL logic. 

Memory Addressing has been encoded as follows: host SRAM accesses at 00008000H, DP-SRAM accesses at 
OOOlOOOOH, and FIFO accesses at location 00020000H. Thus, address bits 15, 16, and 17 can be used for each 
individual memory access. 

20000H FIFO 

12000H t-C-'""'.-....'-'~'-"-~~"'-'I:...c...~.-....'""'.-...."""'"I 

10000H Dual-Port SRAM 

8000H 
8KX32 HostSRAM 

o 

Figure 7. Motorola MC68030 Interface: Memory AddreSSing 

TMS34082 as a Parallel Processor 

Interfacing to the TMS34082 is simple and direct. This project emphasizes a design approach that requires minimal 
support hardware. By coupling a FIFO buffer directly to the LAD bus, external address latching and decoding is 
not required. From the MSD bus, the TMS34082 is directly coupled to the DP-SRAM, further reducing the decode 
hardware. 

The data/code space is directly linked to address locations OOOOH-07FFH and could be expanded to 64K words 
as required. For further infonnation regarding pin definitions and electrical characteristics, please refer to the 
TMS34082 data sheet. 
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Performance Analysis 

To accurately compare the perfonnance of two coprocessors produced by two different manufacturers. it is 
essential to incorporate commonalties. A preliminary analysis has been completed that compares execution times 
of functions that are similar to the Motorola MC68881 and the TMS34082 (see Table 1). 

The TMS34082 typically speeds execution by 30-40 times. This does not take into consideration effective 
addressing, overlap, and pipelining, which widens the gap between the TMS34082 's execution times and those 
of the Motorola coprocessor family. Detailed calculations are available upon request. 

Table 1. Performance Comparison Chart 

TMS34082 Motorola MC68881 

Generic Format! TI 
Execution 

Motorola 
Execution 

Instruction Precision Instruction 
Time 

Instruction 
Syntax Syntax Time 

Integer ADD 2 80 

Add Single ADDF 2 FADD 72 

Double ADDD 2 78 

Integer DIV 16 132 

Divide Single DIVF 7 FDIV 124 

Double DIVD 13 130 

Integer 2 62 

1 s Complement Single NOT 2 FCMP 54 

Double 2 60 

Integer 2 62 

Absolute Value Single ABS 2 FABS 54 

Double 2 60 

Integer 2 62 

Negate Single NEG 2 FNEG 54 

Double 2 60 

Integer MPY 2 100 

Multiply Single MPYF 2 FMUL 92 

Double MPYD 3 98 

Integer SQRT 20 134 

Square Root Single SQRTF 10 FSQRT 126 

Double SQRTD 16 132 

Integer SUB 2 80 

Subtract Single SUBF 2 FSUB 72 

Double SUBD 2 78 

0-13 



0-14 

System Information - Parts List 
Table 2. Parts List 

Reference 
Name Pins 

Designation 

U1, U2 PAL20L8 24 

U3 PAL16RA8 20 

U4 PAL16R4 20 

US, U6, U7,U8 74BCT245 20 

U9 74AS74 14 

U10 Motorola MC68030 13 x 13 

U11, U12 74F08 14 

U13 PAL22V10 24 

U14 74F08 14 

U15,U16,U17,U18 7C185 28 

U19 IOT7132 48 

U20, U21 , U22 IOT7142 48 

U23,U24,U25,U26 74ALS2232 24 

U27 74AS74 14 

U28 TMS34082 15 x 15 

U29 74BCT244 20 

U30 74F74 24 

U31, U32, U33 74BCT244 20 

U34 74F74 14 

U35 74F08 14 

U36 74F374 20 

U37 74F08 14 

U38 74FOO 14 

RP1, RP2, RP3 10K Pull-up Resistor 9 

HDR1 Platform 16 

C1-41 0.01 J.l.F Capacitor 

C42 1 0 J.l.F Capacitor 

X1 25 MHZ Oscillator 14 

X2 40 MHZ Oscillator 14 

SW1 SPST Switch 

SW2 SPOT Switch 

SW3 8POS.0IPSW 16 

WIDTH 
(MilS) 

300 

300 

300 

300 

300 

PGA 

300 

300 

300 

300 

600 

600 

300 

300 

PGA 

300 

300 

300 

300 

300 

300 

300 

300 

SIP 

300 

300 

300 

300 
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Schematics - Hardware Design 

r-------------------~ I 
I 

Data I JA-- Buffers WE I 8Kx32SRAM PC/AT DA 

Upp G RESET 
I WE OE CE ADDR Data erWord I 
I 

I I I I I 
Data DATA WE OE CE ADDR Data PC/AT 

DATA - Buffers ~ r---

lowerWo rd 

PC/AT 
AD DR 

PC/AT 
MEM 

PC/AT 
ADDR 

-

-

-

PC/AT 
ADDR 

,---

-PC/AT 
CNTRl 

G 

I 
lO HI 

Memory 
Control 

PAL 

BUSRQ 

Address 
Buffers 

244 (9X2) 

SYSCNTl 

I/O 
Control 

PAL 

CNTRlEN 

STATUSRD 

lOEN 

HI EN 

ADDREN 

CE 

ADDR 

-l 

I 
! 
i 

; 
I 
I 
I 
I 
I 

~ 
I : 
! . 
I 
I 

PC/AT Interface I 
~-------------------~ 

Data/Address Select 

I 1 --
ADDR 

HIW RESET 
Reset 

RESET 

BUSACK I 

'-- RESET 
BUSACK 

DATA 
PROCHAlT 

Data I/O BUSRQ 

Controll __ 
latch HALT 

I 

DATA 

Figure 8(a). Block Diagram 

:-

i-

-
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ADDR ADDR 

BUSYL Dual-Port SRAM DATA 

DATA 2K X8 (4X) BUSYR 

HALT 
CSL CSR 

I READIWRITE 

DATA 

ADDR READ~RITE 

RESET 
~---+--~------~I 

~-......... ---.... 
• DATA Decode Logic 

ADDR HALT DATA MCE 

FIFO WR - CAS 

64 X 8 (X4) 
LAD MC68030 

Host Processor FF 

- BUSACK HALT t------' 

Bus Grant 
Bus Request 

BUSG 
------------------~Dam 

Smtus 
PAL 

------------------~RD 

EF 

I 

-

CC 

Synchronous 
Clock 

Figure 8(b}. Block Diagram 

I 
MWR LADY 

TMS34082 
FPU 

MSDADDR 

MSDBUS 
RDY 

-
-
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0(31-0) 

PC/ATDATA (31-0) 

U5 U6 
SN74F245 SN74F245 

ATDT7 9 
A8 B8 

11 D7 .ATDT15 9 
A8 B8 

11 D15-
ATDT6 8 12 06 .ATOT14 8 12 014.-
ATDT5 7 

A7 B7 
13 05 .ATOT13 7 

A7 B7 
13 DiS. 

ATOT4 6 
A6 B6 

14 04 .ATDT12 6 
A6 B6 

14 012.-
ATDT3 5 

A5 B5 
15 03 ~TOT11 5 

A5 B5 
15 011 

ATDT2 4 
A4 B4 

16 02 .ATDT10 4 A4 B4 
16 Din. 

ATDT1 3 
A3 B3 

17 01 ATDT9 3 A3 B3 
17 D9 

ATDTO 2 
A2 B2 

18 DO ATOT8 2 A2 B2 18 08 
Ai B1 Ai B1 

OIR A.B EN ~BEN 

HI A>B WRITE 1 19 1 19 
LO A<BREAD ATLOEN 

ATREAD 

U7 U8 
SN74F245 SN74F245 

ATDT7 9 
A8 B8 

11 D23 .ATOT15 9 
A8 B8 

11 D31 
ATDT6 8 12D22 ,ATDT14 8 12 D30 
ATDT5 7 

A7 B7 
13D21 ATDT13 7 

A7 B7 
13 D29 

ATDT4 6 
A6 B6 

14020 ,ATDT12 6 
A6 B6 

14 D28 
ATDT3 5 

A5 B5 
15D19 -ATDT11 5 

A5 B5 
15 D27 

ATOT2 4 
A4 B4 

16018 .ATDT10 4 
A4 B4 

16 D26 
ATOT1 3 

A3 B3 
17D17 ATDT9 3 

A3 B3 
17 D25 

ATOTO 2 
A2 B2 

18D16 ATDT8 2 
A2 B2 

18 D24 
Ai B1 Ai B1 
k.8 EN 1A+8 EN 

1 119 
ATHIEN-

~ 1 119 

U1 
PAL20LB 

AEN~ 114 MemO~ 

SMEMWR ---1!.. 
Contro 

113 
SMEMRD ~ 112 

BALE --1L 111 
ATA019 ~ 110 
ATA018 ~ 19 

22 ATLOEN 
ATAAD17 ~ 18 08 

15 
ATAD16 ~ 17 07 ATHIEN 

ATAD15 ~ 16 106 
21 

ATEN1 
20 

ATAD1 ~ 15 105 ATADDREN 
19 LA23 ---.!.- 14 104 
18 

ATREAO 
LA22~ 13 103 

--1L-
ATWRITE 

LA21 ----.L 12 102 
LA20 --.L 11 101 ~ 

Figure 9. PCfAT IfF and Control, Details of U1, U5, U6, U7, and US 
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PU9 

ATEN 

ATMEMWR 

ATMEMRD 

ATBALE 

ATiOWR 

ATIORD 

PU10 

17 

15 

13 

11 

8 

6 

4 

2 

U29 
SN74BCT244 

2A4 2Y4 

2A3 2Y3 

2A2 2Y2 

2A1 2Y1 

1A4 1Y4 

1A3 1Y3 

1A2 1Y2 

1A1 1Y1 

1G 2G 

11 ... 1 19 

I 

3 

5 

7 

9 

12 

14 

16 

18 

Co 

AEN 

SMEMWR 

SMEMRD 

BALE 

IOWR 

lORD 

ntrol 
ffer Bu 

Figure 10. PC/AT I/F and Control, Details of U29 
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BALE 

10WR 

lORD 

ATDT1 

ATDT9 

ATDT8 

ATDT7 

ATOT6 

ATDT5 

ATDT4 

ATDT3 

ATDT2 

ATDT 

ATADO 

0 

1 

23 

14 

13 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

1/0 Control 

U2 
PAL20L8 

114 

113 

112 

111 

110 

19 

18 08 

17 07 

16 106 

15 105 

14 104 

13 103 

12 102 

11 101 

Status Reg ister 
(110 READ) 

68HALT 

DPSTALL 

FIFOSTALL 

BG 

22 

15 

21 

20 

19 

18 

17 

16 

18 

17 

14 

13 

8 

7 

4 

3 

1 

Processor Control Register 
(110 WRITE) 

U4 
PAL16R8 

9 19 
18 Q8 

8 18 
ATDT5 17 Q7 

7 17 
ATDT4 16 Q6 

6 16 
ATDE3 15 Q5 

5 15 
ATDT2 14 Q4 

4 14 
BG 13 Q3 

3 13 
12 Q2 

2 12 
11 Q1 

1 
...... CK 

OE 

]1 
-

CNTRLEN 

STATUSRD 

U3 
SN74F374 

19 
80 sa ATOT7 

16 
70 7Q ATOT6 

15 
60 6Q ATOT5 

12 
50 5Q ATOT4 

9 
40 4Q ATOT3 

6 
3D 3Q ATOT2 

5 
20 2Q ATOT1 

2 
10 1Q ATADO 

pCK 
OE 

Y 11 

Figure 11. PC/AT ifF and Control, Details of U2, U3, and U4 
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ATADDREN ATAD(23-0) 
- -+-

24 
17 
15 
13 
11 
8 

~ ATAD20 6 
~ ATAD19 4 
~ ATAD18 2 

~ ATAD17 17 
~ ATAD16 15 
~ ATAD15 13 
~ ATAD14 11 

~ ATAD13 8 
~ ATAD12 6 

" ATAD11 4 

" ATAD10 2 

" ATAD9 17 

" ATAD8 15 

" ATAD7 13 

" ATAD6 11 

" ATAD5 8 

" ATAD4 6 

" ATAD3 4 

" ATAD2 2 

At Address Buffer 

U31 
SN74BCT244 

2A4 2Y4 
2A3 2Y3 
2A2 2Y2 
2A1 2Y1 
1A4 1Y4 
1A3 1Y3 
1A2 1Y2 
1A1 1Y1 

1G 2G 

11 Y 19 -
U32 

SN74BCT244 

2A4 2Y4 
2A3 2Y3 
2A2 2Y2 
2A1 2Y1 
1A4 1Y4 
1A3 1Y3 
1A2 1Y2 
1A1 1Y1 

1G 2G 

11 Y 19 -
U33 

SN74BCT244 

2A4 2Y4 
2A3 2Y3 
2A2 2Y2 
2A1 2Y1 
1A4 1Y4 
1A3 1Y3 
1A2 1Y2 
1A1 1Y1 

1G 2G 

11 Y 19 

AD (23-0) 
-,"-

3 
24 

5 
7 
9 

12 
14 A20/ 
16 A19/ 
18 A18/ 

\ 

3 A17/ 
5 A16/ 
7 A15/ 
9 A14/ 

12 A13/ 
14 A12/ 
16 A11/ 
18 A10/ 

3 A9 / 
5 A8 / 
7 A7 / 
9 A6 / 

12 A5 / 
14 A4 / 
16 A3 / 
18 A2 / 

Figure 12. Motorola MC68030 and Address Buffers, Details of U31, U32, and U33 
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0(31-0) 
U10 

A (31-0) 

--,"- MC68030 r"-
32 32 

r-....o31 N1 B3 A31/ 
031 A31 68H 

r-....03O l4 A3 A30 
030 A30 

029 M3 B4 A29/ 
029 A29 

028 N2 A4 A28/ 
028 A28 

,,027 M4 B5 A27/ 
027 A27 

026 N3 A5 A26 
026 A26 

025 N4 B6 A25/ 
025 A25 

024 M5 A6 A24 
V 024 A24 CC 

E1 MC68030 02 
68CLK ClK FCO 
68RW 

l3 
RiW 

C1 
FC1 

,023 N5 A7 A23/ 
023 A23 

022 M6 B7 A22 
022 A22 

021 N6 A8 A21/ 
021 A21 

,020 M7 B8 A20/ 
020 A20 

019 N7 A9 A19 
019 A19 

,,018 N8 C8 A18 
018 A18 

017 M8 A10 A17 

BERR Hi 01 
BERR FC2 

68HAlT H2 
HALT J2 

68RST 
F12 

RESET AS AS 
H12 OS 

K2 
PU1 COIS 

ECS 
M2 

F1 
OSACKO BR 

Ai 
BR 

G2 
OSACK1 BG 

B2 
BG 

017 A17 
,016 N9 B9 A16 

016 A16 

015 N10 A11 A15/ 
015 A15 

,014 M9 B10 A14/ 
014 A14 

,013 N11 A12 A13/ 
013 A13 

012 M10 B11 A12/ 
012 A12 

E13 
IPENO 

H13 
OCS 

03 
PU3 IPlO 

G13 
RMC 

B1 
PU4 IPl1 

G12 L2 
PU5 IPL2 SIZO SIZO 

E2 
AVEC 

K3 
PU6 SIZ1 SIZ1 

MMUOIS 
F13 

PU11 
,011 M12 C10 A11/ 

011 A11 
\.010 l10 A13 A10/ 

010 A10 

BGACK 
C3 

BGACK 
J12 

STATUS 
,09 M11 

09 A9 
C11 A9 / 

STERM 
G1 

STERM 
,08 l13 B12 A8 / 

08 A8 CIIN 
L1 

PU8 

\..07 l11 B13 A7 / 
07 A7 

D6 M12 011 A6 / 
06 A6 

\..05 K11 C12 A5 / 
05 A5 

04 l12 C13 A4 / 
04 A4 

,,03 M13 012 A3 / 
03 A3 

ClOUT 
C2 

CBREQ 
K1 

CBACK 
J1 

PU7 

REFILL 
J13 

oBEN 
M1 

OBEN 

\..02 L13 013 A2 / 
02 A2 

r-....01 K12 C4 Ai / 
01 Ai 

,DO K13 A2 AO / 
DO AO 

,~ 

Figure 13. Motorola MC68030 and Address Buffers, Details of U10 
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VCC 

10 
(~ 

12 PR 9 
D Q 68ClK 

25 MHz 
U30 

SN74F74 

VCC 
1 X1 4 ClKIN 11 8 

- ~C Q -
Oscillator 

Cl 

2 I 3 113 

-'-

VCC 

Figure 14. Motorola MC68030 and Address Buffers, Details of Oscillator and U30 

U11 SN74F08 

BKCE 6 
8KlOCE 

ATlOEN 
U11 SN74F08 

9 
8 

10 8KHICE 
ATHIEN 

8K SRAM Enables 
Upper/Lower 16 Bits Decode 

Figure 15. Motorola MC68030 Decode/Control, Details of U11 
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RP2 
1K 

1 r-------,16 
MANRST Vee 

68HALT 
2 1 115 

3 14 
PU14 

4 1 113 
PU13 

5 12 
PU12 

6 111 
PU11 

7 10 
PU10 

8 1 19 
PU9 L ______ .J 

RP1 
1K 

1 r-------,16 
PU8 Vee 
PU7 

2 1 115 

3 14 
PU6 

4 113 
PU5 

5 12 
PU4 

6 1 111 
PU3 

7 10 
PU2 

8 1 19 
PU1 L ______ .J 

RP3 
1K 

1 r-------,16 
DPSTALL 

2 1 : 115 T Vee 

3 I VV\ 114 
4 I 113 

PU19 1 VV\ 
112 5 I PU18 VV\ 1 

6 1 111 
PU17 I VV\ 110 7 I PU16 VV\ I 

8 I 19 
PU15 I VV\ I L ______ .J 

Figure 16. Motorola MC68030 Decode/Control, Details of RP1, RP2, and RP3 
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U11 SN74F08 

INDELY 
U12 SN74F08 

68CLK 11 

VCC 

OUTDLY 

VCC U13 

~ PAL22V10 

4 
13 14 8KWRCS 

AS 110 

AS 
2 PR 5 DAS 11 15 

0 Q 110 ATADO 
10 16 

U30 I/O ATEN1 
SN74F74 

COINT 
9 17 

6 
110 UMCS 

3 8 18 
OUTDLY 

C CL Q A14 110 LMCS 
7 19 

A15 110 LLCS 
1 6 20 

A1 110 COINT 
5 21 8KADCS AO 110 

68RW 
4 22 

110 
3 23 

SIZ1 110 TERM1 

SIZO 
2 

68RST I/CP 

U12 SN74F08 

8KWREN 
ATWRITE 

U12 SN74F08 

ATREAD 
8KRDEN 

U12 SN74F08 

4[Y--5 8KCE 
~--------------

Figure 17. Motorola MC68030 Decode/Control, Details of U11, U12, U13, and U30 
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D (31-0) 

A(14-2) ... - ... 
U15 U16 U17 U15 

1 (see Table 3) 1 
A12 NC A12 NC 

27 27 
A11 WE A11 WE 

26 26 
A10 CE2+ A10 CE2+ 

20 20 
A9 CE1 A9 CE1 

OE 
22 

OE 
22 

A8 A8 
19 

A7 1107 A7 1/07 

A6 1/06 A6 1/06 

A5 1/05 A5 1/05 

A4 1/04 A4 1/04 

A3 1/03 A3 1/03 

A2 1/02 A2 1/02 

A1 1/01 A1 1/01 

AO 1/00 AO 1/00 

8KX8 8KX8 
SRAM SRAM 

Figure 18. 8K x 8 SRAM DP-SRAM, Details of U15, U16, U17, and U18 
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Table 3. 8K x 8 SRAM DP-SRAM, Detail Pin Assignments for U15, U16, U17, and U18 

Device 8Kx8SRAM 

Block Number U15 U16 U17 U18 

Pin 

Name Number 
External Connection Signal Name 

AO 21 A2 A2 A2 A2 

A1 23 A3 A3 A3 A3 

A2 24 A4 A4 A4 A4 

A3 25 A5 A5 A5 A5 

A4 2 A6 A6 A6 A6 

A5 3 A7 A7 A7 A7 

A6 4 A8 A8 A8 A8 . 
A7 5 A9 A9 A9 A9 

A8 6 A10 A10 A10 A10 

A9 7 A11 A11 A11 A11 

A10 8 A12 A12 A12 A12 

A11 9 A13 A13 A13 A13 

A12 10 A14 A14 A14 A14 

1/00 11 00 08 016 024 

1/01 12 01 09 017 025 

1/02 13 02 010 018 026 

1/03 15 03 011 019 027 

1/04 16 04 012 020 028 

1/05 17 05 013 021 029 

1/06 18 06 014 022 030 

1/07 19 07 015 023 031 

OE 22 8KROEN 8KROEN 8KROEN 8KROEN 

CE1 20 LLCS LMCS UMCS UUCS 

CE2+ 26 VCC VCC VCC VCC 
WE 27 8KWREN 8KWREN 8KWREN 8KWREN 

NC 1 No Connection 
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AS 

DAS 

A14 

A15 

A1 

AO 

SIZ1 

SIZO 

68RW 

DBEN 

~ 

~ 

~ 

--.!.L 
10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

U3 
PAL20L8 

114 

113 

112 

111 

110 

19 

18 08 

17 07 

16 106 

15 105 

14 104 

13 103 

12 102 

11 101 

~ 
15 

21 

20 

19 

18 

17 

16 

DPWRUU 

DPWRUM 

DPWRLM 

DPWRLL 

DPRD 

FIFOWR 
TERM2 

TERM1 

U37 
SN74F08 

~-
~~STERM 

Figure 19. Motorola MC68030 Decode/Control, Details of U3 and U37 
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1 

1 2 
OPWRll -

3 
68HAlT -

5 
OPROCS -

A (12-2) 

, A12 4 

, A11 15 

, A10 14 

, A9 13 

, A8 12 

, A7 11 

, A6 10 

, A5 9 

, A4 8 

, A3 7 

A2 6 

0(1-0) 

, 07 23, 

r'\. 06 22 

r'\. 05 21 

, 04 20 

r'\. 03 19 

r'\. 02 18 

, 01 17 

,00 16 

CEl 

RlWl 

U19 
10T7132 

Master 

CER 

RlWR 

BUSYl BUSYR 

OEl OER 

A10l A10R 

A09l A09R 

A08l A08R 

A07l A07R 

A06l A06R 

A05l A05R 

A04l A04R 

A03l A03R 

A02l A02R 

A01l A01R 

AOOl AOOR 

II07l I/07R 

II06l I/06R 

II05l I/05R 

II04l I/04R 

II03l I/03R 

1I00l I/02R 

I/01l I/01R 

I/OOl I/OOR 

2K X 8 OP-SRAM 

47 
r----- TIMCE 
46 

r----- TIMWR U14 SN74F 08 
45 OPSTAll 4 -- 6 
43 5 TISTAll 

r----- TIMOE 

TIA (10-0) 

44 TIA10/ 

33 TIA9/ 

34 TIA8/ 

35 TIA7/ 

36 TIA6/ 

37 TIA5/ 

38 TIA4/ 

39 TIA3/ 

40 TIA2/ 

41 TIA1/ 

42 TIAO 

TID (7-0) 

32 TI07/ 

31 T106/ 

30 TlOS / 

29 T104/ 

28 T103/ 

27 Tl02/ 

26 T101/ 

25 TIDO / 

Figure 20. 8K x8 SRAM DP-SRAM, Details of U14 and U19 
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32 LAD (31-0) ... - ... 
0(31-0) 32 ... - ... 

8 U23 U26 
74ALS2232 U24 U25 74ALS2232 

(see Table 4) 
07 07 Q7 

06 06 Q6 

05 05 Q5 

04 04 Q4 

03 03 Q3 

02 02 Q2 

01 01 Q1 

DO DO QO 

1 24 1 24 -- RST OE -- RST OE 
11 14 11 14 -- FULL EMPTY -- FULL EMPTY 
12 13 12 13 

-- LOCK UNCK -- LOCK UNCK 

64X8 FIFO 64X8 FIFO 

Figure 21. FIFO LogiC, Details of U23, U24, U25, and U26 
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Table 4. FIFO Logic, Detail Pin Assignments for U23, U24, U25, and U26 

Device SN74ALS2232 

Block Number U23 U24 U25 U26 

Pin 

Name Number 
External Connection Signal Name 

00 2 DO 08 016 024 

01 3 D1 09 017 D25 

02 4 D2 010 018 D26 

03 5 D3 011 019 027 

04 7 04 012 020 D28 

05 8 D5 D13 021 029 

06 9 D6 014 022 030 

07 10 D7 015 023 D31 

RST 1 RESET RESET RESET RESET 

FULL 11 68HALT 68HALT 68HALT 68HALT 

LOCK 12 FIFOWR FIFOWR FIFOWR FIFOWR 

QO 23 LAOO LA08 LA016 LA024 

Q1 22 LA01 LAD9 LA017 LA025 

Q2 21 LAD2 LA010 LA018 LAD26 

Q3 20 LA03 LA011 LA019 LA027 

Q4 18 LAD4 LA012 LA020 LAD28 

Q5 17 LAD5 LA013 LA021 LA029 

Q6 16 LA 06 LA014 LA 022 LA 030 

Q7 15 LAD7 LA015 LA023 LAD31 

OE 24 COINT COINT COINT COINT 

EMPTY 14 FIFOSTAL FIFOSTAL FIFOSTAL FIFOSTAL 

UNCK 13 FIFORO FIFORO FIFORD FIFORO 
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Figure 22. 8K x 8 SRAM DP-SRAM, Details of U20 
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Figure 24. FIFO Logic DP-SRAM, Details of U22 
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Figure 28. TMS34082, Details of U28 
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Figure 30. Capacitors 
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PAL ® Code Listing 
NOTE: All code is written using PAL ® ASM software. 

Memory Decode for TMS34082 Accelerator Board 
PATTERN MEMORY DECODE FUNCTIONS 
REVISION 1A 
AUTHOR MIKE ROBERTS 
COMPANY TEXAS INSTRUMENTS 
DATE OCTOBER 11,1989 

; This PAL will decode memory functions from the PC/AT to the Motorola MC68030 host SRAM. 

CH IP 2018 PAL20l8 
; DEVICE U1 

1 2 345 6 7 8 9 
ATAD15 ATAD01 ATAD2 ATAD20 ATAD16 ATAD17 ATAD18 ATAD19 IIORD 

10 11 12 
IIOWR BALE GND 

;PIN 
13 14 15 16 17 18 

ISMEMRD /SMEMWR lATH I EN ATAD23 ATAD22 ATEN1 

19 20 21 22 23 24 
ATCNTL IATADDREN ATEN2 IATLOEN AEN Vee 

EQUATIONS 

; ALWAYS ENABLED 

ATlOEN.TRST = Vcc 
ATHIEN.TRST = Vcc 
ATADDREN.TRST = Vcc 
ATCNTL.TRST = Vcc 
ATEN1.TRST = Vcc 
ATEN2.TRST = Vce 

; ABOVE EQUATIONS NOT REQUIRED SINCE PAL ASM DEFAULTS TO THESE. 
; THEY HAVE BEEN ADDED FOR CLARITY. 

ATEN1 = IBAlE"it ATAD19"it ATAD18"it ATAD16"it IATAD17 "it IAEN 
; USED AS A GATE TO ASSERT ACCESS TO HOST SRAM 

ATEN2 = I(ATAD23 + ATAD22 + ATAD21 + ATAD20) 
; INTERMEDIATE TERM DESELECTING ADDRESS LINES 23-20 

ATlOEN = ATEN1 "it IATAD01 "it ISMEMRD * ATEN2 
+ ATEN1 "it IATAD01 "it ISMEMWR "it ATEN2 

; DECODES lOW BYTE IN EITHER READ OR WRITE MODE 

ATHIEN = ATEN1 "it ATAD01 * ISMEMRD "it ATEN2 
+ ATEN1 "it ATAD01 "it ISMEMWR "it ATEN2 

; DECODES HIGH BYTE IN EITHER READ OR WRITE MODE 
PAL is a registered trademark of Monolithic Memories Inc. 
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ATADDREN = ATEN1 * IATAD01 * ISMEMRD * ATEN2 
+ ATEN1 * IATAD01 * ISMEMWR * ATEN2 
+ ATEN1 * ATAD01 * ISMEMRD * ATEN2 

; ENABLES THE ADDRESS BUFFERS FOR HIGH OR LOW BYTE 
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I/O Decode for TMS34082 Accelerator Board 

PATIERN DECODE CONTROL FUNCTIONS 
REVISION 1A 
AUTHOR MIKE ROBERTS 
COMPANY TI 
DATE 10/10/89 

; This PAL will decode 110 functions to set 110 signals. 

; DEVICE U2 

CHIP 20L8 PAL20L8 
;PIN 

1 2 3 4 5 6 
ATADO ATAD1 ATAD2 ATAD3 ATAD4 ATAD5 

10 11 12 13 14 
ATAD9 ATAD10 GND IIOAD IIOWA 

; PIN 
15 16 17 18 19 

NC3 NC1 ISTATUSAD/CNTALENNC2 
24 

Vee 

EQUATIONS 
; ALWAYS ENABLED 

/STATUSRD.TRST = Vcc 
/CNTRLEN.TRST = VCC 
SYSCNTL.TRST = Vcc 
NC1.TRST = VCC 
NC2.TRST = Vcc 
NC3.TRST = VCC 
NC4.TRST = VCC 

20 
NC4 

7 8 9 
ATAD6 ATAD7 ATAD8 

21 22 23 
NC5 SYSCNTL BALE 

CNTRLEN = /BALE * ATAD9 * ATAD8 * ATAD4 * ATAD3 * /ATAD2 * /ATAD1* /lOWR 
; USED TO ENABLE 110 WRITE REGISTER FOR PC/AT Motorola MC68030 ARBITRATION AND 
CONTROL OF TMS34082 HALT FUNCTIONS 

STATUSRD = 1I0RD * /BALE * ATAD9 * ATAD8 * ATAD4 * ATAD3 * /ATAD2 * ATAD1 
; READ STATUS FROM ASYNCHRONOUS PAL 
; USED TO READ STATUS FROM STATUS REGISTER 

INVERT = ATADO 
; USED TO INVERT PC/AT ADDRESS 0 
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Status Control for TMS34082 Accelerator Board 

PATTERN STATUS CONTROL FUNCTIONS 
REVISION 1A 
AUTHOR MIKE ROBERTS 
COMPANY TI 
DATE 10/16/89 

; This PAL will decode memory from the Motorola MC68030 to external DP-SRAM and the FIFO buffer. 

CHIP 16RA8 PAL 16RA8 

; DEVICE U3 
;PIN 

1 2 3 4 5 6 7 8 9 
PRlO NC2 IRESET NC3 NC4 NC5 IBG ClK NC6 

10 
OBEN 

; PIN 
; 11 12 13 14 15 16 17 18 19 
ISTATUSRD NC7 NC8 ATOT2 ATOT1 ATOTO NC9 NC10 NC11 

20 21 22 23 24 
OPRO ITERM IFIFOWR NC5 Vee 

EQUATIONS 

TERM = 68RW * A14 * IA15 * lAS 
+ 168RW * A14 * IA15 * IDAS 
+ 168RW * IA14 * IA15 * IDAS 

; SYNCHRONOUS TERMINATION SIGNAL FOR FIFO AND DP-SRAM 

IFIFOWR = 1(/68RW * IDBEN * AS * IA14 * A15) 
; FIFO WRITE ENABLE. SINCE FIFO IS EDGE-TRIGGERED, THESE SIGNALS ARE 
RECOMMENDED. 

DPCE = 68R2 * A14 * IA15 * lAS 
+ 168RW * A14 * IA15 * IDAS 

; DUAL-PORT CHIP ENABLE 

DPRD = 68RW * A14 * A15 * IAS\; 8K SRAM READ SELECT 

DPWRUU = A14 * IA15 * IA1 * lAO * 168RW 
; BYTE ENABLE SELECTS FOR UPPER-UPPER BYTE 

DPWRUM = A14 * IA15 * IA1 * AO * 168RW 
+ A14 * IA15 * IA1 * 168RW * ISllO 
+ A14 * IA15 * IA1 * 168RW * SIl1 

; BYTE ENABLE FOR UPPER-MIDDLE BYTE 

DPWRLM = A14 * IA15 * A1 * lAO * 168RW 
+ A14 * IA15 * IA1 * 168RW * ISIl1 * SilO 
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+ A14 * IA15 * IA1 * 168RW * SIZ1 * SIZO 
+ A14 * IA15 * IA1 * lAO * 168RW * ISIZO 

; BYTE ENABLE FOR UPPER-LOWER BYTE 

DPWRLL = A14 * IA15 * A1 * AO * 168RW 
+ A14 * IA15 * AO * 168RW * SIZ1 * SIZO 
+ A14 * IA15 * 168RW * ISSIZ1 * ISIZO 
+ A14 * IA15 * A1 * 168RW * SIZ1 

; BYTE ENABLE FOR LOWER-LOWER BYTE 
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Byte Enable Decode for TMS34082 Accelerator Board 

PATTERN DECODE CONTROL FUNCTION 
REVISION 1A 
AUTHOR MIKE ROBERTS 
COMPANY TI 
DATE 10/1211989 

; This PAL will decode byte enables of the Motorola MC68030 and PC/AT bytes to the 8K-SRAM. 

CHIP 16R4 PAL 16R4 

; DEVICE U4 
;PIN 
; 1 2 3 

NC2 
4 5 6 7 8 9 

CNTRLEN NC1 BG ATOT2 ATOT3 ATOT4 ATOT5 ATEN1 
10 

GNO 

; 11 12 
IOUTEN NC2 

20 
Vee 

EQUATIONS 

13 14 15 
NC3 IBGACK IBR 

; ALL FUNCTIONS ARE ALWAYS ENABLED 

BR . : = ATDT3 * BG 

16 
NC4 

17 
NC5 

18 
NC6 

19 
NC7 

; BUS REQUEST TO Motorola MC68030, ONLY ACTIVE WHEN Motorola MC68030 BUS GRANT 
HIGH 

BGACK : = ATDT2 * /BG 
; BUS GRANT ACKNOWLEDGE SIGNAL FROM PC/AT, ACTIVE WHEN BUS GRANTED 

68RST : = NATDT4 
; THIS SIGNAL RESETS THE Motorola MC68030 

TIRST : = ATDT5 
; THIS SIGNAL RESETS THE TMS34082 
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Pattern Decode for TMS34082 Accelerator Board 
PATIERN DECODE CONTROL FUNCTION 
REVISION 1A 
AUTHOR MIKE ROBERTS 
COMPANY TI 
DATE 1 0/12/1989 

; This PAL will decode memory from the Motorola MC68030 to external devices. 

CHIP 22V10 PAL22V10 

;PIN 
1 2 3 4 5 6 7 8 9 

NC1 A19 A18 168RW AD A1 A15 A16 A17 
10 11 12 

A30 OAS GNO 

13 14 15 16 17 18 19 20 21 
IC1 18KWRCS IBOOT 168TIRS NC4 10PRDCS ISTERM NC2 18KRDCS 
22 23 24 

18KCE IFIFOWR Vee 

; MYTHICAL PIN THPC/AT SETS THE REGISTERS ON BOOT-UP CALLED VAPOR 
VAPOR 

EQUATIONS 

18KWRCS.TRST 
IBOOT.TRST 
168TI RST.TRST 
IDPRDCS.TRST 
ISTERM.TRST 
18KRDCS.TRST 
18KCE.TRST 
IFIFOWR.TRST 
VAPOR.SETF 

= VCC 
= VCC 
= VCC 
= VCC 
= VCC 
= VCC 
= VCC 
= VCC 

= VCC 

8KWRCS = 168RW * IA 14 * IA 15 * IDAS * lAS * RST 
; 8K SRAM WRITE RE-SELECT 

8KRDCS = 68RW * IA 14 * IA 15 * lAS * RST 
; 8K SRAM READ PRE-SELECT 

STERM = IA14 * IA15 * 68RW ;8KRDCS 
+ fA14 * IA15 * 168RW * IDAS ;8KWRCS 

; SYNCHRONOUS TERMINATION ENDING SYNCHRONOUS CYCLES 
fUUCS = 19/A14 * IA15 * IA1 * 168RW * RST + 68RW * IA14 * IA15 * lAS * RST + ATEN1 * ATADO) 

; BYTE ENABLE SELECTS FOR UPPER-UPPER BYTE 

fUMCS = 1(/A14 * IA15 * fA1 * AO * 168RW * RST + IA14 * IA15 * IA1 * ISIZO * RST + IA14 * IA15 
* IA1 * 168RW * SIZ1 * RST + IA14 * IA15 (68RW * RST + 68RW * IA14 * IA15 * lAS * RST * ATEN1 
* ATADO) 
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; BYTE ENABLE FOR UPPER-MIDDLE BYTE 

ILMCS = I(A14 * IA15 * A1 * AO 168RW * RST 
+ IA14 * IA15 * IA1/68RW * ISIl1 * ISllO * RST 
+ IA14 * IA15 * IA1 * 168RW * AIl1 * SilO * RST 
+ IA14 * IA15 * IA1 * AO * 168RW * ISllO * RST 
+ 68RW * IA14 * IA15 * lAS * RST ;8KREAD 
+ ATEN1* ATADO) 

; BYTE ENABLE FOR UPPER-MIDDLE BYTE 

ILLCS = I(A14 * IA15 * A1 * AO * 168RW * RST 
+ IA14 * IA15 * AO * 168RW * SIl1 * SilO * RST 
+ IA14 * IA15 * 168RW * ISIZ1 * SilO * RST 
+ IA14 * IA15 * A1 * 168RW SIl1 * RST 
+ 68RW * IA14 * IA15 * lAS * RST ;8KREAD 
+ ATEN1 * IATADO 

; BYTE ENABLE FOR LOWER-LOWER BYTE 
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Software Listings 
Software listings available upon request. Contact the DVP Systems Engineering group at (214) 997-3970. 
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Abstract 

The medical imaging field relies increasingly on imaging and graphics techniques in diverse applications with 
needs similar to (or more stringent than) those of the military, industrial and scientific communities. However, 
most image processing and graphics systems available for use in medical imaging today are either expensive, 
specialized, or in most cases both. High performance imaging and graphics workstations which can provide 
real-time results for a number of applications, while maintaining affordability and flexibility, can facilitate the 
application of digital image computing techniques in many different areas. 

This paper describes the hardware and software architecture of a medium-cost floating-point image processing 
and display subsystem for the NeXT ™ computer, and its applications as a medical imaging workstation. Medical 
imaging applications of the workstation include use in a Picture Archiving and Communications System (PACS) , 
in multimodal image processing and 3-D graphics workstation for a broad range of imaging modalities, and as an 
electronic alternator utilizing its multiple monitor display capability and large and fast frame buffer. 

The subsystem provides a 2048 x 2048 x 32-bit frame buffer (16 Mbytes of image storage) and supports both 8-bit 
gray scale and 32-bit true color images. When used to display 8-bit gray scale images, up to four different 256-color 
palettes may be used for each of four 2K x IK x 8-bit image frames. Three of these image frames can be used 
simultaneously to provide pixel selectable region of interest display. A 1280 x 1024 pixel screen with 1: 1 aspect 
ratio can be windowed into the frame buffer for display of any portion of the processed image or images. In 
addition, the system provides hardware support for integer zoom and an 82-color cursor. This subsystem is 
implemented on an add-in board occupying a single slotin the NeXT ™ computer. Up to three boards may be added 
to the NeXT ™ for multiple display capability (e.g., three 1280 x 1024 monitors, each with a 16-Mbyte frame 
buffer). 

Each add-in board provides an expansion connector to which an optional image computing coprocessor board may 
be added. Each coprocessor board supports up to four processors for a peak perfonnance of 160 MFLOP5. The 
coprocessors can execute programs from external high-speed microcode memory as well as built-in internal 
microcode routines. The internal microcode routines provide support for 2-D and 3-D graphics operations, matrix 
and vector arithmetic, and image processing in integer, IEEE single-precision floating point, or IEEE 
double-precision floating point. 

In addition to providing a library ofC functions which links the NeXT TM computer to the add-in board and supports 
its various operational modes, algorithms and medical imaging application programs are being developed and 
implemented for image display and enhancement. As an extension to the built -in algorithms of the coprocessors, 
2-D Fast Fourier Transform (PET), 2-D Inverse FFT, convolution, warping and other algorithms (e.g., Discrete 
Cosine Transform) which exploit the parallel architecture of the coprocessor board are being implemented. 

NeXT is a trademark of NeXT, Inc. 
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Introduction 

The medical field relies increasingly on image computing in many applications areas. Current needs in the medical 
field include the employment of image processing and graphics in medical image enhancement, simple 
measurement, or scientific visualization of change, movement, and flow, as well as successive 2-D slices in 3-D 
medical images. X-ray Computed Tomography (CT), Magnetic Resonance Imaging (MRI) and Positron Emission 
Tomography (PET) all use computationally intensive reconstruction methods to produce detailed cross sections 
of the structure. Other medical imaging modalities include digital radiography (digital X-rays), ultrasound and 
nuclear medicine scanners. These imaging modalities are used to understand internal anatomical and functional 
pathologies and to utilize that information in various clinical cases, for example during brain or orthopedic surgery. 
Image processing techniques are necessary for picture enhancement, and computing various statistics in 
applications like detecting suspicious cancer cells from pap smears. Picture Archiving and Communications 
System (PACS) with filmless archiving for all the images is a powerful concept with vast untapped potential. 
High-performance graphics and imaging workstations are essential for successful PACS. 

This paper describes the most recent of a series of affordable, high-perfonnance image computing workstations, 
the University of Washington Graphics System Processor #3 (UWGSP3) and its application to medical imaging. 
The UWGSP3 image processing board set supports the following features: 

• Single 2k x 2k x 32-bit (16 Mbytes) roamable video/frame memory implemented entirely with 1 Mbit 
VRAMs 

• 32 bits per pixel configured as 24-bit true-color system with 8 overlay bits, or up to four 8-bit pseudo-color 
or gray-scale frames (or 3 frames with overlay) 

• 160 MFLOPS peak performance for high-speed integer and floating-point image processing and graphics 
functions 

• 1280 x 1024 60-Hz noninterlaced color display with 1: 1 screen aspect ratio 
• Hardware zoom, roam, and cursor support 
• Up to 3 different color palettes, each driven by a different plane, can be displayed at once for region of 

interest (ROI) operations 
• Expansion port for digitizer, additional frame memory or other devices 
• Improved system performance (4 to 8 times that of previous UWGSP systems) 
• Support for window-oriented user interface 
• NeXTTM host system 

• Medium-cost 

The UWGSP3 offers the powerful, yet flexible environment necessary for meeting the stringent needs of many 
imaging applications. Applications other than those in medicine include scientific applications: astronomy, remote 
sensing, geology, seismology, oceanography, and earth resources planning; industrial applications: machine vision 
and robotics, tolerance verification, parts identification, optical character recognition, and thennography; military 
applications: field-deployable military workstations for map analysis and processing, target identification and 
tracking, and surveillance; forensics: fingerprint analysis and identification, signature verification and dental 
records analysis; and graphics applications: computer image display and synthesis (for example, solid modeling, 
ray tracing, object rendering and shading), image overlay, graphic arts, and ad preparation. Although some of these 
applications may never be implemented, these are the types of applications which could be developed on 
UWGSP3. 
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Background 

Several image computing subsystems have been developed in the Image Computing Systems Laboratory (ICSL) 
of the University of Washington. The University of Washington Graphics System Processor #1 (UWGSP1). 
developed in 1987, was the first of these systems. It has been used as a 10w-endPACS medical imaging workstation 
in the University of Washington PACS prototype system [Gee et al., 1989]. This first generation image computing 
subsystem was implemented on 2 IBM ICI AT protyping cards, heavily utilizing the processing power of the 
TMS34010Graphics System Processor (GSP) and TMS32020 Digital Signal Processor (DSP). In UWGSP1, the 
screen and graphics functions are controlled by the GSP, and the DSP is used as a numeric coprocessor accessed 
via First-In First-Out (FIFO) buffers from the GSP. The spatial resolution of the display is 512 x 512 pixels with 
a contrast resolution of 8 bits per pixel. Hardware zoom, pan and scroll, one video frame buffer, and three 
workspace buffers are incorporated in the system. Software developed for the UWGSPI includes point operations. 
arithmetic and logical operations, Region of interest (ROI), convolution, geometric transformation, Fast Fourier 
Transform (FFf) and Inverse (IFFT). Used in conjunction with a PCI AT host, UWGSPI provides a flexible three 
processor low-cost medium performance workstation for fixed-point image processing applications. 

While the UWGSPI has proven to be a viable performer in various image analysis and processing applications, 
experience with the system exposed problem areas that required attention. UWGSPI suffered from the following 
problems which somewhat limited its usefulness as a.Q image computing workstation: 

• The DSP's 16-bit fixed-point arithmetic can cause serious problems in accuracy of some image 
processing and graphics operations due to overflow, truncation, and other problems, 

• Communication between the GSP and DSP through FIFO buffers is inefficient and difficult to manage. 

• Some DSP operations are slow (e.g .• 2-D FFT on 512 x 512 images takes about 16 seconds). 

• For many applications, 512 x 512 display resolution is not enough, and 

• Because the screen aspect ratio is not 1: 1, warping of images is required for them to appear in proper 
proportion. 

Because of these limitations, a second generation image proceSSing subsystem was proposed (UWGSP2) and 
implemented at the ICSL in 1988 [Chinn et al., 1988]. UWGSP2 utilizes the Texas Instruments' 74ACT8837 
FIoating Point Processor (FPP) as a replacement for the TMS32020 DSP, to provide high-performance 
floating-point implementation of computationally-intensive image processing and graphics algorithms. By 
incorporating the FPP in the second generation design, most of the problems associated with the DSP's 16-bit 
fixed-point arithmetic operations were alleviated, while still obtaining a performance increase of about 2 times 
that of UWGSP1. However, the GSP to FPP FIFO interface continued to be a data flow bottleneck in the system, 
the display resolution was still insufficient for many imaging applications, and the screen aspect ratio was still 
other than 1: 1. 

A third generation system (UWGSP3) has been designed and implemented at the ICSL in 1989, and overcomes 
the limitations of the earlier systems by adding increased display resolution (from 512 x 512 to 1280 x 1024), 
increased frame buffer storage (from 1 Mbyte to 16 Mbytes), support for 32-bit true-color as well as 8-bit gray 
scale images or up to 24-bit gray scale images windowed and leveled into 8 bits, an intuitive graphical user 
interface, and multiple floating-point coprocessors for 160 MFLOPS of peak processing performance. This system 
and its application to medical imaging are described below. 
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The UWGSP3 is implemented on a single multilayer printed circuit board, with an expansion connector for an 
optional coprocessor board. It is designed around two special purpose VLSI processors, the TMS34020 second 
generation Graphics System Processor and the TMS34082 Floating-Point Processor. Figure 1 shows a block 
diagram of the system with major components which include a NeXT ™ Host System and Interface Logic, the 
TMS34020 Graphics System Processor, four TMS34082 Floating-Point Processors, Local Program Memory (1 
Mbyte), and Video Display and Frame Buffer Memory (16 Mbytes). Each ofthese major design blocks is described 
below. 

System Architecture 

NeXT ™ Host System and Interface Logic 

The host system for UWGSP3, the NeXT ™ computer, was selected over other potential host systems (e.g., MAC 
II, PC/AT compatibles, SUN, etc.) mainly for its flexibility and ease of use and progranuning. The NeXT 'STM 
operating syste~ Mach (compatible with BSD 4.3 UNIX), provides a popular, portable, and flexible environment 
for software development and maintenance. Although UNIX provides an extremely versatile development 
environment, it is somewhat cryptic and cumbersome for the general user. However, the NeXT ™ provides a user 
friendly "Macintosh-like" interface for the nonprogrammer, while still providing the excellent development 
environment afforded by UNIX. Furthermore, the NeXT ™ architecture includes a high-speed 32-bit bus 
(NextBus, an enhanced NuBus) providing burst transfer rates of up to 100 Mbytes per second, and the significant 
board real estate necessary to support complex hardware designs. Another benefit afforded by the NeXT ™ is an 
interactive interface development environment (Interface Builder) which can generate user interface code directly. 
Because the user interface usually represents approximately 20% of the code, but requires as much as 80% of the 
effort, this capability can provide a significant savings in the time to develop various medical imaging applications 
by simplifying the generation and modification of application software interfaces [Jobs, 1989]. NeXT'sTM 
object-oriented approach to software development makes it possible to develop image processing code modules 
which could be integrated into applications and user interfaces by the end user. 

The backplane of the NeXT ™ computer supplies three expansion slots. Thus, up to three UWGSP3 subsystems 
can be inserted into the NeXT ™ for applications that require multiple displays. Interfacing of the NeXT TM host 
to the UWGSP3 system is provided using a dedicated host interface port on the TMS34020. Executable programs, 
operands, images, and commands are passed to the UWGSP3 and its local memory via this host interface, with 
the NeXT ™ acting as the master and the UWGSP3 acting as a slave device. The host initializes the subsystem 
by transferring a GSP executable command decoder into GSP program memory via the host interface port. With 
the command decoder installed, image processing and graphics functions may be issued from the host. Once a 
command has been issued to the GSP, the host is free to pursue other functions as may be required, while the GSP 
decodes the command and executes the appropriate program on the UWGSP3 local bus. 
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Processors 
The two high-performance special purpose VLSI processors used in UWGSP3 represent state-of-the-art 
performance and integration. Texas Instruments TMS34020 is the second generation of an advanced 
high-performance CMOS 32-bit microprocessor optimized for graphics display systems [Texas Instruments, 
1989]. Addressing is bit oriented and all data structures such as pixel size and frame size as well as display 
characteristics are defined in internal GSP control registers, allowing the GSP to be configured to support a wide 
variety of display devices and formats. The TMS34020 contains a built-in instruction cache, hardware support for 
raster graphics instructions, video display timing generation hardware, as well as a memory controller and video 
memory controller. Extensions to the basic architecture of the GSP are provided through its coprocessor interface. 
Special instructions and cycles are available for enhancing data flow to coprocessors while maintaining a closely 
coupled processor-coprocessor environment. 

The TMS34082 is a high-speed (40 MFLOPS peak) floating-point processor combining on a single chip a 16-bit 
sequencer, address generation and a three operand floating-point unit with twenty-two 64-bit data registers [Texas 
Instruments, 1989]. Single and double precision IEEE floating-point operations are supported for addition, 
subtraction, multiplication, division, square root, and comparison. In addition to floating-point operations, 32-bit 
integer arithmetic, logic operations and shifts may be performed by the 34082. To allow integer pixels to be 
manipulated in floating point, conversions are provided from integer to single or double precision formats and vice 
versa. To make the FPP more useful in imaging and graphics applications, intern I micrcoode routines are provided 
for vector and matrix operations and the following graphics and image processing functions: 

• 3 x 3 variable kernel convolution 
• Backface elimination 
• Polygon, 2-Plane, and 2-Plane color clipping 
• 2-D and 3-D cubic spline 
• 2-D window compare and 3-D volume compare 
• Viewport scaling and conversion 
• 2-D and 3-D linear interpolation 
• Polygon elimination 

External microcode support is also available to allow custom algorithm implementation on the 34082 processors. 
Additional image processing and graphics algorithms utilizing one to four 34082 processors are currently being 
implemented on UWGSP3. 

Using the Texas Instruments TMS34020 GSP and the Texas Instruments TMS34082 Floating-Point Processor as 
a closely coupled processor pair alleviates much of the data transfer bottleneck experienced in the first and second 
generation UWGSP subsystems. Images stored in frame buffer memory can be transferred directly to the FPP 
rather than being read by the GSP and rewritten to FFO buffers as in the earlier UWGSP systems. But, with the 
display area and pixel depth each more than four times that of UWGSPI or 2, additional processing capability is 
required to overcome the added computational demands imposed. For this reason multiple (up to 4) FPPs can be 
attached to the local GSP bus to provide this processing horsepower. As indicated In Figure 1, the FPPs connect 
directly to the Local Address and Data (LAD) bus of the GSP. Each FPP is also attached to its own bank of high 
speed 16K x 32 bit static memory for external microcode and data storage via the MicroStore Data (MSD) and 
Address (MSA) buses. The static memory and the MSD and MSA buses operate independently from the GSP's 
LAD bus, thus reducing GSP local bus activity. Transfers between the GSP memory and the FPP static memory 
pass through the FPP via the LAD and MSD buses when data or programs are needed by the coprocessors. 
Registers may also be transferred between the GSP and FPPs at any time. 
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Using the computing horsepower of the TMS34082's, UWGSP3 can outperform the UWGSP2 system by 4 to 8 
times ~orcomputationally intensive operations requiring floating-point accuracy. By incorporating the TMS34020 
as thd graphics engine, graphics and other imaging operations also see a performance increase of 4 to 8 times that 
of the current UWGSP subsystems. 

Memory 

Memory on the GSP local bus is linear and can be partitioned in a user-defined manner. The video buffer on 
UWGSP3 is configured nonnaJly as a single 2048 x 2048 x 32-bit buffer, but may be reconfigured as four 2048 
x 2048 x 8-bit planes, four 4096 x 4096 x 4-bit planes, four 8K x 8K x 2-bit planes, or four 16K x 16K x I-bit 
planes. The large video display buffer provides the ability to load large images into the buffer and roam through 
them, or to load several different images (e.g., an entire CT or MR study) into the buffer at once. For graphics or 
computer image generation applications, having a video buffer of more than two times the screen size allows 
double buffering of the display for smooth image and graphics transitions. The video frame buffer is implemented 
entirely in 1 Mbit multiport Video RAM (VRAM). The use of VRAM substantially increases the availability of 
the local bus because screen refresh data moves over a separate path to the combined lookup tables and digital to 
analog converters (RAMDACs). 

The GSP program memory consists of256K x 32-bits of Dynamic RAM (DRAM). This memory is used to store 
the local programs and data needed to control the display, manipulate images and graphics, and control the four 
coprocessors. Because the GSP contains the necessary hardware to control both DRAM and VRAM directly, the 
memory interface requires only the addition of buffers, transceivers and minimal control logic. 

Video Display 

UWGSP3 also provides a solution to the resolution and aspect ratio problems experienced in earlier UWGSP 
systems. The aspect ratio for the subsystem is adjusted for 1: 1 in all display modes, providing a proportionally 
correct image required for most graphics and image processing applications. Furthermore, the 1280 x 1024 display 
resolution provides sufficient display resolution for most applications, while a roarnable video/frame buffer of2K 
x 2K x 32-bits (16 Mbytes) provides an acceptable solution to all others. The GSP generates the video timing 
signals; however, it cannot drive the display itself. 

Four Brooktree RAMDACs are used to drive the monitor. Each RAMDAC has a 256 x 24 bit lookup table (LUT) 
which drives 8 bits each of red, green and blue signals. The red, green and blue outputs of each RAMDAC are 
summed together and the composite Signals are used to drive the monitor. For true color applications, one 
RAMDAC will drive only red, one will drive only green and one will drive only blue. The fourth RAMDAC 
provides 8 bits of overlay information. For gray scale or pseudo-color applications, a single RAMDA C drives red, 
green and blue outputs concurrently while the other RAMDACs are disabled. While in this mode, it is possible 
to do region-of-interest (ROI) (i.e., different portions of the screen are assigned different color mappings and/or 
image data) by switching on and off different RAMDACs In specific regions of the display on a pixel-by-pixel 
basis. Thus, by enabling different combinations of the RAMDACs, the frame buffer can be configured either as 
a 24-bit true color buffer with 8-bit overlay or as four separate 8, 4, 2, or I-bit buffers. Bit-per-pixel selection of 
8, 4, 2, or 1 is supported directly in hardware in the RAMDACs and augmented by appropriate clocking of the 
VRAMs. Overlay is also available in the ROI or 8, 4, 2, or I-bit modes; however, one of the 8-bit planes must be 
used for the overlay leaving only three available for image display. Images with contrast resolution ranging from 
9 to 24 bits per pixel may also be windowed and leveled into 8 bit gray scale or pseudocolor images using the FPPs. 
The RAMDACs also include support for a hardware cursor and integer zoom. The cursor shape, color and intensity 
are stored in a 64 x 64 x 2-bit array within each RAMDAC. The hardware zoom feature requires the support of 
an external state machine implemented in a Xilinx Logic Cell Array. 
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Software Architecture 

The overall software architecture for the UWGSP3 and NeXT ™ host system is shown in Figure 2. At the lowest 
level, drivers local to the UWGSP3 board provide screen management functions as well as graphics and image 
processing primitives. Commands and data are transferred from the host system to the UWDGSP3 over the 
NextBus using NeXT ™ hardware specific drivers via the host interface. The NeXT ™ drivers use memory 
mapped 110 to make the entire usable GSP address space available to the host. Implemented on top of this 
functionality will be deviCe independent image processing and graphics functions which will provide a consistent 
and portable software interface for applications. 

The communication protocol between the (bost and UWGSP3 is administered by a command decoder running 
locally on the UWGSP3. The command decoder pr~ides entry points to screen management functions as well 
as entry points to FPP external microcode routines and FPP management functions. 
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Figure 2. UWGSP3 Software Architecture 

Microcoded routines are implemented as parallelized algorithms. Each FPP is assigned a different portion of the 
image to process while the GSP is responsible for handling the data transfers to and from the FPPs. This is done 
in such a way as to maintain the scalability of the coprocessor board; that is, the routines will be able to utilize any 
number of FPPs up to the maximum of four. As long as the parallel algorithms maintain a ratio of 3: 1 or greater 
for the amount of time spent processing relative to the amount of time spent transferring data, the power of all four 
FFPs can be fully utilized. Code generation for both the TMS34020 and TMS34082 is being done in C with 
assembly language and microcode mixed in as necessary for optimization. 
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Using the Interface Builder development tools available on the NeXT TM, different graphical user interfaces can 
be quickly prototyped and implemented for applications. Figures 3 and 4 illustrate a prototype interface of an 
interactive filtering package for UWGSP3 being developed. Figure 3 shows an example of the window used to 
specify a filter's frequency response. The shape of the frequency response curve may he changed by either typing 
in the desired parameters or by using the mouse to interactively drag one of the control points (identified as a solid 
black dot). In this example, a lowpass filter is shown; but in addition, there are filter w;ndows for highpass, 
bandpass, bandstop, and azimuthal filters. Once a desired filter is designed, the user can apply thefilter to the image 
by performing a 2-D FFT operation on the image, multiplying the filter and image in the frequency domain, 
peforrning a 2-D IFFf operation, and displaying the filtered image in its window. The UWGSP3 C@Jl complete the 
entire process interactively (e.g., taking only a few seconds for a 256 x 256 image). Thus, trying filters with 
different characteristics can be easily supported on UWGSP3 without undue delay to the user. 

I] Low Pass Filter 

X1: ~ Y1:[Q1§J 

X2: [Q1§J Y2: ~ 

Figure 3. Lowpass Filter Specification Window 

Besides allowing interactive filter specification for frequency domain filtering, the package supports image 
loading and frame buffer roaming and zooming (Figure 4). The image load window (on the left) allows any size 
image (up to 2048 x 2048) to be loaded anywhere within the 2048 x 2048 frame buffer. Control buttons are 
provided for standard sized images from 64 x 64 to 2048 x 2048. Another set of control buttons determines which 
channel the image will he loaded into: red, green, blue, or overlay. The frame buffer window is a scaled 
representation of the entire frame buffer area. The rectangular black outline defines the boundaries of the current 
display region. The mouse may be used to move the display to a different portion of the frame buffer by clicking 
and dragging on the display outline. Zoom buttons on the right allow the display to be zoomed by any integer from 
1 to 8. The size of the display outline shrinks to reflect the reduced display region as higher zoom levels are 
employed. The position of previously loaded images are indicated by the shaded rectangles in the frame buffer 
window. The interface development effort has been in progress for several months and is almQSt complete at the 
time of this writing. The programmer attributes the short development time to the use of the Interface Builder tools. 
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Figure 4. Image Load (left) and Virtual Frame Buffer (right) Windows 

Application Areas 
The UWGSP3 board set and software libraries transfonn the NeXT ™ computer into an affordable image 
processing and graphics workstation with processing perfonnance currently available only with much higher cost 
workstations. Furthennore, the UWGSP3 board set is designed to be flexible enough to provide processing in a 
wide range of imaging and graphics applications while most other systems are optimized for specific tasks. 
Described below are a few ofthe application areas ofUWGSP3 in medical imaging, which show mainly the image 
processing and display capabilities of the system; however, 2-D and 3-D graphics tools are also being developed. 

PACS Workstation 

Requirements for a PACSworkstation include the following: 
• High-resolution image display 
• Large image frame buffer and magnetic storage 

• Text display 
• Network to tie together workstations 
• Archival storage 
• Rapid image retrieval and display 
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Together, the UWGSP3 and the NeXT ™ computer provide a solution to each of these requirements. The 1280 
x 1024 display satisfies the condition for high resolution display in most applications (with the possible exception 
of digital radiography where resolutions of up to 2048 x 2048 are needed). In the arena of on-line storage, we have 
16 Mbytes of frame buffer memory available for image storage. In tenns of 8-bit gray-scale images, this is enough 
storage for 16 1k x 1k images, 64512 x 512 images, 256 256 x 256 images, or 1024128 x 128 images. In addition, 
NeXT ™ offers a 660 Mbyte ESDI hard drive which rnay be used for temporary storage of a local image database 
to hold a reasonable number of images downloaded from the central database. Furthennore, the UWGSF3 's 
overlay channel meets the PACS workstation's textual (as well as graphical) annotation needs. As for network 
capabilities, the NeXT ™ features a built-in thin wire Ethernet interface and its operating system supports the 
TCP1IP protocol. This makes the UWGSP3 system suitable for use with other PACS systems, such as the UW 
prototype PACS, which already use Ethernet and TCP/lP Kim et al., 1989]. Finally, the NeXT 'STM leading role 
in using optical disk technology provides UWGSP3 with a high-capacity transportable storage media capable of 
storing 256 Mbytes per disk at a cost of about $0.20 per Mbyte, or the UWGSP3 system can have access to a central 
archival storage unit, e.g., a 5-114" optical disk jukebox at a lower cost per Mbyte. 

One area in which UWGSP3 could use improvement is in the rapid transfer of data from storage to the display. 
Currently, it takes ahout 3 seconds to load a512x 512x 8-bitimage and 38 seconds to load a 2048 x 2048 x 32-bit 
true-color image. However, we are currently evaluating the feasibility of incorporating a parallel transfer disk to 
improve the NeXT'sTM disk perfonnance. Furthermore, we are studying a hardware modification to allow 
UWGSP3 to operate closer to the NextBus' 100 Mbytes second peak transfer rate. 

Another benefit of UWGSP3 is derived directly from the NeXT ™ host system. O'Malley [1989] advocates an 
iterative approach to PACS workstation development that involves a cycle of prototype evaluation and revision. 
The NeXT 'STM Interface Builder tool and its use of the Objective-C object-oriented programming language, 
provide the rapid prototyping ability needed for this type of development paradigm. 

Electronic Alternator 

The use of a digital system for emulating a conventional film alternator has been analyzed by several researchers 
[McNeilletal., 1988][Beardetal., 1988][Choietal., 1990]. Analysis ofthese systems and their ability to emulate 
the current film alternator configuration digitally, has revealed several problems which must be overcome before 
workstations of this type can be used in radiology departments. Some of the problems include: 

• Slow image loading rates for large images 
• Inadequate number of image displays 
• Resolution requirements (2k x 2k) are cost prohibitive 
• Current systems do not address radiologists' needs beyond display and processing 

Image loading rates for images as large as 2k x 2k vary from system to system, but may require as much as 1 minute 
to load. Recent advances in disk technology such as the Parallel Transfer Disk (PJD) can reduce this to a few 
seconds, but the ability to maintain as many images as possible resident in memory still remains important, to 
provide as interactive a system as possible. The UWGSP3 can hold up to four 2k x 2k x 8 bit images in memory 
at one time, any of which can be displayed instantaneously. In addition, up to three UWGSP3 may be installed in 
a single NeXT ™ computer system allowing a total of up to twelve 2k x 2k x 8-bit images or six 2k x 2k x 16-bit 
images to be resident in memory at anyone time. Coupled with a PTD this large number of image storage frames 
would allow for acceptable speeds in displaying radiological studies. 
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Viewing a large number of images at one time is important to the radiologist in that it better emulates the current 
mechanical alternator configumtion and allows images to be compared side-by-side. As previously indicated, 
currently up to 3 UWGSP3 boards can be installed in a single NeXT ™ computer. Thus 3 separate displays, in 
addition to the NeXT ™ display are available for image viewing and manipulation. This limitation on the number 
of displays is not limited by the design of the UWGSP3 itself, but in the number of backplane slots available on 
the NeXT TM computer system. In later iterations of the board, multiple displays may be available on a single board, 
further increasing the number of available displays. 

Providing displays with resolution as high as 2k x 2k is at present cost prohibitive when a large number of displays 
are required in UWGSP3, this issue was addressed by implementing a 1280 x 1024 display which is adequate for 
display of most imaging modalities. Display of multiple images as large as 2k x 2k is also possible on UWGSP3 
by using hardware pan and scroll of the 1280 x 1024 display in the 2k x 2k image frame. For multiple displays, 
this roaming can be done on all images concurrently, providing the same positioning of the display in all images. 
Or, if desired, the images can be panned and scrolled individually to view different areas of each image. 

Many electronic alternator systems have addressed the display and processing needs of the radiologist. However, 
the integration of verbal annotation and/or digital film annotation is not always addressed. Verbal annotation may 
still be done using existing dictation hardware (e.g., a dictaphone system); however, the integration of this into 
the electronic alternator system would allow the verbal annotation to be directly associated with the digital image 
in a complex database. The NeXT ™ computer host provides the built-in capability for voice digitization, which 
could be linked with the image in a database. Potential also exists for voice recognition of commands and for speech 
to text conversion, using the Digital Signal Processor (DSP) available on the NeXT ™ computer host or some other 
specialized hardware. 

Image ProceSSing and Graphics 
The optional 160 MFLOPS peak perfonnance coprocessor board makes the UWGSF3 an excellent platfonn for 
image computing. The GSP supports many frame buffer manipulation functions (e.g., PIXBLT, FILL, and image 
arithmetic) and the FPPs include many built-in microcode routines for both image processing and 2-D and 3-D 
graphics operations (e.g., 3 x 3 convolution, matrix and vector operations, polygon clipping, and backface 
elimination). Thus, the UWGSF3 serves as a platfonn suitable for both image processing and graphics 
applications. 

NxN Variable Size 2-D Convolution 

NxN 2-D convolution can be used to implement a variety of image processing filtering operations such as lowpass, 
highpass, edge enhancement and edge detection. The algorithm is parallelized by segmenting the image into 
regions and assigning each locality to a different FPP. The predicted perfonnance for a 512 x 512 x 32-bit image 
(using all four FPPs) is as follows: 

• 5 x 5 kernel 0.7 seconds 
• 11 x 11 kernel 3.0 seconds 
• 15 x 15 kernel 5.5 seconds 

FFTIIFFT 
In some image analysis applications, FFT filtering techniques are often more convenient and intuitive than 2-D 
convolution and therefore more desirable. Thus, UWGSP3 must provide efficient FFT and IFFT algorithms. The 
FFT and IFFT will be implemented using the row and column method. Each of the four FPPs will be given an ~ntire 
row or column to process, thereby parallelizing the operation. The predicted perfonnance for a 512 x 512 x 32-bit 
image using all four FPPs is 4 seconds for either an FFT or an lFFT. 

E-14 A High Performance Floating-Point Image Computing Workstation for Medical Applications 



Geometric Transformations (warping) 

Geometric transformations are utilized in correction of image distortion arising from deficiencies in the 
acquisition apparatus, image registration for multimodal image analysis, and interpolated zooms for applications 
in image magnification and minification. Each FPP is assigned a different region of the resultant image. For each 
destination pixel, the FPPs calculate the coordinates of the source pixels. The GSP passes the source pixels to the 
FPPs which then perform a bilinear interpolation using the pixel values. Predicted performance of a lower-order 
warp using bilinear interpolation is 2.5 seconds for a 512 x 512 x 32-bit image. 

Window and Level 

In digital radiography and cr and MR images, pixel sizes of up to 12 bits are generated. Most systems do window 
and leveling of these images by manipulating a 12-bit to 8-bit video output lookup table [Austin, et aI, 1988]. 
Because UWGSP3 utilizes 8-bit RAMDACs, this method cannot be used. Instead the coprocessor board is used 
to perform a transformation of the 12-bit image into a window and leveled 8-bitimage. The FPPs are used to 
calculate a transformation lookup table. Regions of the image are then sent to the FPPs which use the lookup tables 
to produce the 8-bit image. One of the advantages of this method is that the window and level operation can be 
limited to user defined regions and need not affect the entire display. Furthermore, this method may be used with 
pixel sizes greater than 12 bits (up to 24 bits per pixel). A full screen (1280x 1024) transformation of a 24-bit image 
to an 8-bit image is expected to take less than 0.3 seconds. 

Graphics 

As mentioned in previous sections of this paper, the TMS34082 FPP includes many built-in microcode routines 
for 2-D and 3-D graphics which can be used to form the core functionality of a graphics library. In addition, the 
relatively large external microcode and data storage (16K x 32-bit for each FPP) allows higher level operations 
such as ray tracing and volume rendering to be added to the standard set of functions. Furthermore, the UWGSP3 
architecture which couples the GSP with multiple FPPs, allows the computational workload to be distributed 
among the processors. Thus, each FPP can be given a different portion of the object database or a different set of 
tasks in the rendering process while the GSP is utilized to maintain the integrity of the frame buffer and transfer 
blocks of data to and from the FPPs. 

Since the design is centered around the TM53 4020, the availability of the Texas Instruments Graphics Architecture 
TIGA-340 interface allows a UWGSP3 ported to an IBM AT-compatible (or MCA or EISA-based) architecture 
to be immediately compatible with many graphics applications written for this standard. In addition, UWGSP3 
can be made to emulate other widely accepted video adapters such as EGA and V GA to support a vast number of 
different application programs. 

For the current NeXT TM-based version ofUWGSF3, graphics standards including PRIGS, PHIGS+, GKS, and 
Renderman are being evaluated for implementation. The use of one of these standardized graphical programming 
interfaces, with the low level operations written to exploit the multiple FPP architecture, will further enhance 
UWGSP3's utility for 2-D and 3-D graphics applications. 
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Conclusion 

With its increased display resolution, enlarged frame buffer storage, multiple floating pOint processors and 
intuitive graphical user interface, UWGSP3 represents an innovation in image computing workstation design and 
a significant step towards providing affordable real-time display and processing for a variety of applications. It 
provides an integrated platform for more acceptable and productive end-user environments for both image 
processing and graphics in the future. In this paper, we have described the basic architecture of UWGSP3, and 
several solutions to medical imaging applications including use as a PACS workstation, image processing and 
graphics computational engine, and a multiple display electronic alternator. With the hardware implementation 
and low-level software now completed, the task of creating the application software to achieve the UWGSP3 's 
potential in these areas and others will extend into the months ahead. 
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Introduction 

VLSI floating-point processor technology is evolving to meet the increasing need to execute sophisticated 
algorithms at higher and higher rates. Architectural advances in floating-point pipelines and processor 
organization have led to the TMS34082's high speed arithmetic core and its RISC control structure. However, 
some applications require much higher speeds than provided by a single TMS34082. A parallel processing solution 
may be the answer. 

The goal of parallel processing is to speed computation by designing the appropriate number of processors into 
the system. These processors each work on pieces of the algorithm separately, and pass intennediate results among 
themselves. The simplest and most common fonn of parallel processing is to assign each processor a different 
tasks. For example, in a typical computer system, there may be a simple processor in the keyboard, a CPU, and 
coprocessors for memory management and floating-point operations. Of interest here are the parallel processing 
architectures that use many identical processors to solve a single numerical problem. 

Some common architectures that achieve this are shared memory machines. (Sequent and Multi -Max), distributed 
memory machines (Ncube, IPSC) and systolic arrays (WARP) [1]. They all use duplicate processors, but have 
different storage, communication, and programming schemes. Some parallel architectures require all processors 
to execute the same instructions, but to work on multiple data streams (SIMD = Single Instruction Multiple Data.) 
Others allow each processor to act independently by providing multiple instruction streams (MIMD = Multiple 
Instruction Multiple Data.) Many architectures exist to solve numerical problems such as those that arise in 
scientific computation and signal and image processing applications. Many experimental machines have been 
targeted to these structured computation intensive applications [1] [3] [4] [5]. 

In this application note we will design and analyze a TMS34082 based parallel architecture. The architecture will 
be a MIMD hybrid shared /distributed memory machine that supports message passing as well as systolic data 
streaming. This structure provides maximum flexibility ata relative low cost. In addition, the system can be scaled 
so that any number of processors can be added as the application requires. The system reaches a peak of 
40 MFLOPs per processor, and sustains a rate of 10 MFLOPs per processor on structured numerical algorithms. 
For example, if an algorithm must be executed in real time at 150 MFLOPs, a system with about fifteen or sixteen 
processors is needed. 

Parallel architectures are measured in terms of their speed increase over a sequential architecture using the same 
type basic cell. (A cell can be thought of as a processing unit that would be the CPU/memory/I/O system in a 
sequential machine). In the MIMD system, the I/O portion of a cell is generally connected to other cells as well 
as other conventional I/O devices such as disks, ND converters, etc. Parallel architectures perfonnance is limited 
by dependencies found in many algorithms, or, more fundamentally, found in many mathematical problems. These 
dependencies might cause the parallel architecture to perfonn less efficiently than a straight sequen tial architecture 
due to communication overhead. If the problem itself is not inherently serial, then a parallel algorithm must be 
designed to solve the problem. Often this parallel algorithm can be derived from the sequential algorithm by 
rescheduling the computations so that the algorithm dependencies are satisfied, but many independent calculations 
will be computed at each step. 
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At this stage of designt the algorithm becomes linked to the underlying. architecture. The most challenging part 
of the design is not to decide which computations can computed in parallelt but to minimize communication delays 
and waiting time. This requires the algorithm designer to match the dependence structure of the algorithm to the 
systems conununication structure and processor granUlarity. 

The parallel algorithm must be analyzed to see how it perfonned. The optimum is to use n processors for an n times 
speed increase (linear speed-up.) Howevert Amdahl predicted that most algorithms will have a logarithmic 
speed-up because their connnunication burden typically grows exponentially. FortunatelYt linear speed-ups can 
often be attained on modem architectures solving well structured practical numerical problernst due to their regular 
conununications requirements. 

As we seet there is a tight interplay between the algorithm and the architecture. In a senset the algorithm is mapped 
onto the architecture. It is our intent to design an architecture that can efficiently support many different algorithms. 
A hybrid approach as discussed in the next section was taken to achieve this level of flexibility. The architecture 
provides all point-to-pointand broadcast paths through a single bus. A bidirectional ring of FIFO buffers connects 
adjacent processors so that high throughput can be achieved. The architecture design was driven by the matrix 
multiplicationt FFft QRDt andSVD algorithms. Simulation was used to arrive at an architecture that could support 
all of these representative algorithms. 

Once the basic architecture is establishedt the cell must be carefully designed. As stated abovet the perfonnance 
of the parallel architecture is based on the speed increase over a single cell. If the cell is poorly designed and slowt 
the increase will be negligible. The cell designed here is based on the 1MS34082 acting in host -independent mode. 
The MSD bus is used for instructionst while the LAD bus is used for data. The 1MS34082 requires some sort of 
addressing assistance on the LAD sidet an address latch at the very least. With this assistancet the TMS34082 has 
a Harvard architecture so can be made to maintain a steady instruction stream while manipulating data on the LAD 
side. This capability is of paramount importance in a TMS34082 systemt and does not come without careful 
attention. The TMS34082 does not have any organic LAD addressing support. All LAD addresses must be 
computed in the floating-point core. Furthennoret when the C-compiler is usedt local variables are stored on the 
MSD side and are accessed through stack operations. Even the stack pointer manipulations are carried out in the 
floating-point pipet causing 'bubbles; and reducing perfonnance. To bring the perfonnance of the cell up to the 
full1MS3 4082 capabilities t a more sophisticated LAD bus controller will be specified. This controller will have 
its own register set and an integer unit to perfonn pointer manipulations under the control of an extended 
instruction field. The same LAD bus controller will be capable of routing data to more than one destination in a 
single bus cycle and will be able to move data while the TMS34082 is perfonning other functions such as 
floating-point loops. 

The HARP Architecture 

The design of the Hybrid Array Ring Processor (HARP) architecture was guided by a set of goals. Firstt the 
architecture was designed to perfonn a wide range scientific and DSP oriented algorithms. Secondt it was designed 
to be scalable and expandable so that applications specific systems could be easily configured to the user ts needs. 
It was also decided that the architecture should support both single- and double-precision IEEE standard 
floating-point arithmetic. The principle concern with the interconnection structure was that it had to support both 
high throughput and fast point-to-point paths. The interconnection topology was to be as simple as possiblet yet 
had to support the target algorithms cleanly and efficiently. From a software perspectivet the architecture had to 
be programmable in an extended version of Ct much like hypercubes. Also the architecture needed to support an 
operating system such as UNIX. Finally, a version had to be implemented that could be accurately simulated in 
software so that perfonnance measurements could be made. 
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Matrix multiplication, FFT, QRD and SVD algorithms shaped the architecture. A simulator was built using the 
Rice Parallel Processing Testbed (RPPT) package along with the TMS34082 C-compiler and chip simulator. The 
RPPT simulator can run programs written in a superset of C, called Concurrent C (CC). An architecture model 
was written so that waiting time, date transfer delays, and the overall effects of the system topology could be 
measured. Profile information from the TMS34082 simulator is fed into the RPPT simulation so that the overall 
simulator measures the actual cycle counts of the parallel program executing on the architecture. Architectural 
modifications were made whenever limitations and bottlenecks were revealed by the simulation process. 

Host 

Shared Memory 

System Bus 

PE1 PE2 • • • 

Figure 1. System Architecture 

1/0 

The overall HARP architecture is depicted in Figure 1. The host can be any subsystem that can run the desired 
operating system. For purposes of simulation, the host was considered to be a 33 MHz MC68030 with associated 
support hardware. The system bus can be any high-performance bus, but for simulation purposes was taken to be 
the native MC68030 processor bus running in asynchronous mode. The architecture, however, can be readily 
implemented for an open bus standard such as VME, Future Bus, etc. for example. a VME based version would 
be built around an available single-board UNIX engine, memory boards, and I/O cards. PEs would be added in 
groups of four per card. Each card would have a ring port in and a ring port out connector on the front. Thus flexible 
systems can be configured to meet specific processing, memory and I/O requirements. Application programs are 
written in CC to run on P processors, so that the same program will run on systems with different numbers of 
processors. 

The hybrid aspects of the architecture are highlighted when looking at the system's programming models. From 
a global perspective, the host sees a conventional system that is augmented with smart memory segments as 
outlined in the memory map of Figure 2. The host must load these segments with code and data and read out the 
results. From the PElbus perspective, the system takes the shape of a shared memory machine. Using the shared 
memory mode, processes are forked to the various nodes and communication primarily takes place over the bus 
where synchronization is maintained using semaphores and join constructs. The system can also be viewed as a 
message passing machine. Here processes on the nodes communicate using the send- and receive-message 
commands. The messages can be routed through the ring or over the bus. Finally, the system can be programmed 
as a linear or ring systolic array (with broadcast.) The systolic mode is the fastest mode if local PE to PE 
communication is required by the application algorithm. In this mode a steady data stream flows through the ring 
network in lockstep with processing. The cell architecture is optimized so that systolic communication and 
computation overlap. 
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Shared Memory 

Main/Shared Memory 

Smart Memory/PE #1 

Smart Memory/PE #2 

• • • 
Smart Memory/PE #N 

1/0 and Storage Devices 

Figure 2. System Memory Map 

The PE is depicted in Figure 3. It consists of a TMS34082 floating-point RISe processor, a 30ns 512K word 
memory bank, a bus interface, a local bus controller, and a 35ns 32-bit BIFIFO that connects the PErk] to the 
PE[k+ 1]. A full system bus interface implementation includes a local bus arbitration protocol that allows any PE 
to directly access any other PEs' local memory. The PE is built around the TMS3 4082 's Harvard architecture. The 
program is stored on the Micro Store Datal Address (MDS & MSA buses) side while the data is stored on the Local 
Address and Data (LAD) side. The TMS34082 architecture consists of a high-performance FPU, a register file 
of twenty 32-bit (or ten 64-bit) registers, and a microsequencer. The TMS34082 does not have an address 
arithmetic unit nor does it have an address bus on the LAD side. In order for the system to reach high performance 
levels, an external LAD bus controller was designed to compute LAD addresses and provide low level timing and 
control signals to the devices attached to the LAD bus (FIFOs, SRAM, bus interface). 
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Figure 3. PE Architecture 

The LAD controller provided over an order of magnitude perfonnance increase. With the controller, the 
TMS34082 is capable of performing an entire load or store operation and pointer update in a single clock cycle. 
The LAD controller can interleave accesses from the memory and the FIFO, as is often needed. The LAD bus 
controller also can be configured to accelerate systolic ring communication and local memory operations. Suppose 
the TMS34082 ofPE[k] is to read a word from the FIFO connected to PE[k-I]. In many applications it will be 
also necessary to pass the datum onto the FIFO that is connected to PE[k+ I] and possibly store the received datum 
in local memory. If both are required, the LAD controller will generate the signals for the FIFO[k-l] read, the 
FIFO [k+ I] write, and the memory write all in the same TMS34082 read cycle. The LAD controller's FFf address 
generator speeds FFfs by over a factor of IOO. 

r--~-----------------------~ 
LAD Bus 1 I 

Control Signals ~ LAD Signal I 

•
' Decoder & Instruction 

To LAD Timing Decoder 
Devices .-... 1------1 ..... ____ -' 

LABus 

Register 
File 

~--------------------------~ 
Figure 4. LAD Bus Controller Architecture 

MSD Extension Bus 

MSD Bus 
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Different LAD controller designs have been considered. Some are algorithm specific, like the FFT, and some are 
more general. The most general LAD controller, as depicted in Figure 3, can be configured and perfonns LAD 
addressing under program control. The architecture of the LAD controller is shown in Figure 4. It consists of a 
register file, and addressing AL U (complete with FFf instructions), a LAD bus timing and control signal decode 
section, and an instruction decoder. The LAD controller accepts an instruction stream from an extended microcode 
field on the MSD bus. The registers may be loaded from the MSD bus as immediate operands. In a sense, the 
TMS34082's instruction set is expanded to include LAD addressing modes. The LAD addressing related fields 
in the instructions are stored in a separate four-bit memory (LADM) whose address lines ire connected to the MSA 
bus. 

TMS34082 Host-Independent Mode Optimizations 

The TMS34082 operates in either the coprocessor or the host-independent mode. It is most commonly used as a 
floating-point accelerator for the TMS340 graphics processor and is less commonly used in the host -independent 
mode, where it acts as an autonomous floating-point RISe processor. While the HARP architecture does assume 
a host processor to run the operating system, it employs the TMS34082s as loosely coupled processors operating 
in the host-independent mode. In this section some of the more striking aspects of designing a system around the 
TMS34082 in host-independent mode are discussed. The TMS34082 is capable of achieving very high 
computational throughputs. 

The TMS34082 is truly a compact architecture, fitting somewhere between a conventional RISe and a dedicated 
floating-point unit. It lacks many common microprocessor features such as an on-board parallel address generator, 
while it provides an assortment of high-performance floating-point operations and subroutines such as division 
and square root. The key to success with the TMS34082 in host-independent mode is to keep it fed with data. If 
the TMS34082 is asked to manage the data stream into the chip, performance will be downgraded. Also, special 
care must be taken with loop management. 

The first thing to take into consideration when developing a system for the host-independent TMS34082 is its 
Harvard architecture. The chip is designed to accept an instruction stream from the MSD (microstore data) bus 
and a data stream from the LAD bus. In coprocessor mode, the TMS340 has no problem keeping the TMS34082 
fed with data because the LAD bus is directly connected to the TMS340 bus. However, in host-independent mode, 
special care must be taken to keep the data flowing on the LAD bus under the control of something other than the 
TMS34082. The reason for this is two fold. First of all, the TMS34082 LAD bus has both address and data 
multiplexed onto the same bus. Without external support, this means that an address must be first sent out to an 
external address latch prior to any LAD access, reducing the LAD bus bandwidth by 50%. A more sever problem 
arises if the TMS34082 is used to generate data addresses as would be done in a conventional architecture. Because 
the TMS34082 does not have a separate integer addressing unit, all pointer updates must be computed in the FPU 
core. This means that the floating-point pipeline must be broken every time an external access is required. It turns 
out that non-judicious use of the TMS34082 for pointer updating can easily downgrade performance by an order 
of magnitude or more. Thus it is recommended that an external bus controller be designed into the system that 
performs the pointer manipulations needed to support the algorithms that will run on the target system. 
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Once the hardware has been configured, it is important to optimize the software. The first rule of thumb is to make 
judicious use of registered variables. Often compilers will use frame pointers and related pOinter arithmetic to 
access local variables. As mentioned previously, if the TMS34082 is to perform pointer arithmetic, it will have 
to do it in the floating-point pipeline at great expense. The compiler will often place local variables on the stack 
which is located on the MSD side. This means load and store operations take two cycles each instead of the one 
cycle on the LAD side. More importantly, each local variable access will involve several external accesses to 
compute the stack pointer relative address of the local variable. Due to these considerations, it takes the TMS34082 
11 cycles to compute k = k + 1 if k is a local variable defined on the MSD stack. On the other hand, if k were 
declared as a registered variable, the same operation would require only one cycle. Thus great performance 
dividends will be paid to those who put as many of the most often used local variables of each routine into registers. 

The old axiom that 90% of a program's time is spent on 10% of the code is very true when it comes to numerical 
routines. In fact, most numerical routines spend 90% or more of their time in tight inner loops. For example, the 
inner loop of the routine to multiply two 256 x 256 matrices on a single TMS34082 would be entered and exited 
65,536 times. At each iteration, one multiplication and one addition is performed, which can be computed by the 
TMS34082 in a single cycle using the mult.add command. Now consider the overhead needed to run the loop. 
If the loop counter variable were located on the MSD stack it would take 11 cycles to increment the loop counter, 
it would take another 12 cycles to check to see if the loop terminated. In addition, using the FPU core to perform 
loop counter iterations and stack pointer manipulations forces the compiler to use separate multiply and add 
operations and store intermediate results. Thus while the TMS34082 provides the ability to compute a 
floating-point multiply-accumulate a single cycle, an un optimized loop might spend 30 cycles each iteration in 
loop overhead. If care is not taken, loop overhead alone can reduce the perfonnance to 3.33% efficiency. This 
figure does not even account for data accesses. The loop overhead can be reduced to about four cycles per iteration 
if registered variables are used. Even better, it can be reduced to one cycle through the use of the LOOPCf register 
and the cjmp.d instruction. The cjmp.d instruction is a decrement and branch instruction that decrements 
LOOPCT, compares it against zero, and takes the appropriate branch all within a single cycle. 

Now take data accesses into account. An inner-product loop is set up by initializing LOOPCf with the 
inner-product length, clearing the accumulator, and loading the base addresses of the two input data arrays. First 
consider the case where the pointers are loaded into an external LAD controller. '!\vo data loads are performed in 
two cycles while the LAD controller autoincrements the pointers for the next loop iteration. Next a mull.add 
instruction is used to perform the multiply accumulate in a single cycle. Finally, the cjmp.d is used to decrement 
the loop counter and branch to the beginning of the loop. This implementation required four cycles per loop 
iteration and a LAD controller that could interleave two increment pointer registers. Now consider an 
implementation that does not use an external LAD controller, but does use LOOPCT and registered variables for 
the loop pointers. The loop starts out by performing two pointer additions with the output sent to the LAD-bus and 
two loads; four cycles. Next the multiply and add are computed in two instructions because the FPU pipeline had 
been interrupted. The cjmp.d is the last instruction in the loop. This loop had a total count of nine cycles. 

The two above loops can sustain 10 MFLOPs and 4.44 MFLOPs respectively. Slightly enhanced perfonnance can 
be achieved many loop iterations are in-line coded into a single loop iteration. If the vector length is 100, then the 
inner product could be computed in ten loop iterations if ten multiply accumulates are performed in each loop 
iteration. With the external LAD controller, twenty loads are followed by ten mult.adds and one cjmp.d. This 
reduces the number of cjmps by nine, but adds additional loop end condition checking overhead if the number of 
loop iterations is not a multiple of ten. Anywhere between one and ten multiply accumulates can be performed 
in the inner loop depending on the divisors of the inner product length. Using this optimization technique, the 
sustained inner product performance can be raised from 10 MFLOPs to 15 MFLOPs. 
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Experience shows that one must recognize what the TMS34082 is and what it is not. It is a bigh-perfonnance 
floating-point unit that can execute floating-point code efficiently. It is not a general purpose processor with a full 
set of addressing modes and parallel on-board executions units. Great speed-ups in compiler generated code can 
be easily achieved through judicious use of registered variables. Hand optimized assembler level optimizations 
can be attained by using the LOOPCf register and the cjmp.d instruction. Further speed-ups come through the use 
of and external LAD side address generator. Once a system architecture is defined, systems level optimizations 
can be made to overlay various bus operations into the same cycle. 

Algorithms 

In this section several algorithms will be briefly discussed. First consider the problem of multiplying the matrices 
A E R m x rand B ERr x n to form the product C E R m x n on a system with P PEs. At the start of the algorithm, 
A and B are stored in the shared memory. At the end of the algorithm, the product matrix C is returned to the shared 
memory. The first step of the algorithm is for the host to move the columns of B into the PE s using the system 
bus. Column bj is moved to PE[j mod P]. This column will be used to compute 9 = Abj so that Cj will be accumulated 
on PE[j mod P]. The matrix A is moved into the array at PE[O] and PE[O],s right output buffer concurrently. The 
inner product of row a; and each residentbj is formed and stored as cij 'so PE[k] reads a word orrow a; fromPE[k-l], 
one word at a time, directly into the TSM34082's FPU pipeline and stores the row in memory for future use and 
transfers it to the FIFO connected to PE[k+ 1] all in the same cycle. The rows of A stream through the system until 
the trailing row cycles through. Due to the ordering of computations, PE[O] will finish first, then PE[I] etc. Once 
PE[O] finishes, it sends its results over the bus to the system memory. Then PEr 1] will follow suit, then PE[2] ... 
etc. on down the line. 

Next consider the radix-2 decimation in time (DIT) FFT algorithm. Assume that the number of PEs, P is a power 
of two. Also assume that the LAD bus controller is capable of performing FFT address generation in addition to 
the autoincrement mode used in the previous algorithm. For purposes of illustration, suppose that a N = 1024 point 
FFT is to PE performed on P = 8 processors. The algorithm is outlined as follows. First decimate the time series 
into eight l28-point subsequences and send the ith subsequence to PEri] over the system bus. Next each node 
computes a 128-point radix -2 DIT FFT on the local subsequence. These sequences are built back up using standard 
binary tree recombination with twiddling. The tree is viewed as having the root node in processor zero iog2(N) 
iterations into the future. At the first iteration, each PE is considered to be a leaf of the tree. At this iteration each 
PE[2k + 1] sends its results to PE[k] for k = O ... (NI2) - 1. The even PEs then perform the twiddle and 
recombination operations so that the even cells now have 256-point sequences. At the next iteration, PEr 4K + 2] 
sends its results to PE[4k] fork = 0 ... (N/4) - 1. Now the mod 4 PEs twiddle and recombine. NextPE[4] sends its 
result to PE[O] and PE[O] assembles the finall 024 point result. The communication of the algorithm is not local, 
but the algorithm permits the data to be routed through idle cells so that a negligible penalty is paid for the nonlocal 
communication. The nonlocal communication only costs one cycle of delay per route-through node; the data rate 
of the data stream is not effected. Simulation studies have shown that this extra cost has a negligible effect on 
perfonnance. The simulation studies did show that perfonnance was reduced due to the nonsequential access 
requirement within a given local vector computation. The nonsequential addressing forces one to send entire 
messages instead of single elements at a time transparently. Also, as the recombination process progresses, more 
and more processors become idle. 
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Another version of the FFf was studied that was able realize the full potential of the system. Most applications 
that require an FFf actually require many FFrs. For example, a real-time processing system might require that 
1024 point frames of an incoming signal be computed continuously. In image processing~ a 512 x 512 pixel FFT 
can be computed by first perfonning 512 512-point column FFfs followed by 512 512-point row FFTs. Similarly, 
spectral based PDE solvers used in scientific application s require large numbers of I-D FFTs to compute a single 
3-D FFT. The course granularity of the system allows each separate PE to compute an FFT separately. This is a 
pure smart memory algorithm. The host loads the PEs with data and pulls out results. If enough processors are in 
the system, the overall computation rate is limited only by the amount of time it takes to load and unload a single 
smart memory segment with a complex data vector. 

The next algorithm considered was the QRD. The QRD provides an alternative way to solve linear systems. The 
standard algorithm used to solve linear systems is Gaussian elimination with partial pivoting. The pivoting portion 
of that algorithm degrades perfonnance in the HARP architecture, but a Householder QRD maps quite well. 
A E R m x n has a factorization A = QR where Q E R m x m is orthognal and R E R m x n is upper triangular [11]. 
Consider the case where m = nand rand(A) = n. Write Ax = bas QRx = b so that multiplying on both sides by Q T 

gives the triangular systemRx = QTb which can be solved by back substitution. Note that multiplying both sides 
by Q T is equivalent triangularizing A by a sequence of orthognal transformations and applying these same 
transformations to b. In the case where m>n, this procedure may also be applied to solve linear least squares 
problems. 

SupposeA E Rmx nis to be decomposed on aPprocessorsystem. Assign column flj to PE[jmodP]. IfPdoes not 
divide n, then some PEs will have extra columns. First set the iteration variable, k, and proceed as follows. At 
iteration k, the PE containing Ok; computes the vector ~ ER m-k+] such that the bottom (k - m)-element subvector 
of Gk, denoted Gk(k : m) satisfies H]Ok;«k : m) = 0.£1 where £1 is the k-order unit standard basis vector and 
a. = 1\ Gk (k: m) II. The kth transfonnation must be applied only to columns k through n. So vk is sent down the 
ring to the right from the PE where Ok; resides. When the head of the ~ data stream arrives, the remaining PEs 
perfonn the transformation, OJ ( k: m) = OJ ( k : m ) - ( vTk aj. ( k : m » ~ V j > k to the local columns. The 
algorithm is essentially a wavefonn algorithm where the computation wave propagates to the right and a trail of 
results (R) are left behind. If the matrix Q is desired, the v-vectors may be saved so that Q is available in factored 
form. If the algorithm is used to solve a linear or linear least squares system, the vector b is augmented as the last 
column of A and loaded accordingly. 

The final algorithm to be discussed is the SVD. Hestenes's method [6] [9] for computing the SVD has received 
much attention lately in the literature due to its parallel nature. The Hestense method is a one-sided Jaccobi 
algorithm that operates by applying orthognalizing plane rotations to all pairs of columns of the matrix A E Rm x n. 
A sequence of all pairs of such rotation is called a sweep. The algorithm can be shown to converge after a sufficient 
number of sweeps have been applied. Once the algorithm has converged, the matrix, A, will have been transformed 
via orthognal transfonnations to another matrix, B E R mx n, whose columns are orthognal to each other. If the 
product of the sequence of orthognal transformations is collected in V ERn x n, then we have AV = B. It is trivial 
to next factor Bas B = ur. gives A = V L V 1', which can be seen to be the SVD of A. We do note that this algorithm 
generated V E R m x nand L ERn x n instead of V E R m x m and L E R m x n but that no information was lost. 
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Several systolic array algorithms have been devised to perfonn the Hestenes SVD algorithm on a linear 
bidirectional systolic array [2] [8] [10]. The methods are based on a theorem that states that the order in which all 
the pairs columns are orthognalized does not affect the overall convergence of the Jaccobi algorithm [8]. 
Algorithms are designed by selecting an ordering where groups of P pairs can be computed at each time step on 
P processors. The key to a successful ordering is that the next group of P pairs in the ordering can be generated 
by local shifts of columns between processors. Figure 5 shows how columns are switched in order to generate such 
an ordering on a P-element bidirectional array. In the figure each PE is assumed to have two vector registers, VRa, 
and VRb which each hold a column of the matrix. If the columns are loaded into the vector registers, and pennuted 
as depicted in the figure, one sweep will be computed every N-2 update cycles. At the end of the sweep, the updated 
columns will return to their original position in the array, ready for the next sweep. 

I VRb VRb VRb .. 
VRa VRbl - VRa VRb VRa VRb - VRa VRb ... -r VRa - VRa - VRb 

PEO PE1 PE2 PE3 

Figure 5. Parallel Jaccobi Updating on a Systolic Architecture 

Iteration = t 
K 

Iteration = t+1 
K+1 

Communication 
Routing 

It is clear that this algorithm can be directly implemented on the HARP architecture. The bidirectional ring is 
sufficient for communication, and the vector registers can be implemented as buffer areas in the local SRAM. Each 
node must first compute the Jaccobi rotation matrix, apply it to the local columns stored on that node, and send 
the results to adjacent nodes as indicated in the figure. All nodes perfonn the same function except the end nodes. 
The shifting of data between the two data buffers on PE[N-l] can be accomplished by a single pointer swap. If 
the number of columns in the matrix exceeds 2P, then the algorithm is slightly more complicated. Now PEs will 
have to do the job of more than one PE. The complication comes in the form of pointer housekeeping and additional 
conditional statements. Only the computations that represent the boarder PEs of the sub-array need to 
communicate with the neighbor PEs, the internal nodes of the subarrays just exchange pointers. 
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Simulation Results and Performance Analysis 

A simulator was constructed using the RPPT simulation package. The RPPT package consists of a CC compiler, 
an architecture modeling / analysis package, and a facility to bind CC programs to the architecture model. Once 
a program and architecture have been bound, RPPT runs a simulation of the program running on the architecture. 
While doing so, RPPT keeps track of time using a parallel time construct. It is able to account for delays caused 
by bus contentions, processes waiting for input, data transfers across a bus or communication channel, and 
processors executing code. The above mentioned delays can be caused by either the parallel program or the 
underlying architecture or both. In order to account for the time spent by processors executing code, RPPT converts 
the CC program into assembly code and assigns to each basic block a cycle count (a basic block has one entry, one 
exit, and each instruction in the block is performed exactly once.) It then inserts an instruction at the front of each 
basic block that increments a cycle counter variable by the number of cycles spent in that basic block. This act is 
called profiling, and is done to the native MC68020 assembly code generated for the execution of the simulation 
of a SUN3 platform. In order to make RPPT count TMS34082 cycles, the node program is recompiled on the 
TMS34082 C compiler, translated to assembly code, and profiled with using the TMS34028 simulator in.single 
step mode. The basic blocks of the MC68020 assembly code are then cross profiled by replacing the MC68020 
cycle counts with the TMS34082 cycle counts. The key is that both programs execute the same C code so are 
essentially the same. The architectural modifications of the LAD bus controller are brought into the simulation 
here by updating the cycle count numbers to reflect the elimination of the cycles that are actually performed in 
parallel by the LAD controller. 

The matrix multiplication was analyzed first. It showed us that the maximum sustainable throughput of a node was 
essentially limited to 10 MFLOPs. This is so because in the inner-loop of a long inner product required two loads, 
a mult.add, and a conditional jump. Thus two FLOPs are performed every four cycles, so that at 20 MHz, the 
TMS34082 can continuously compute data streams ata rate of 10 MFLOPs. This limit can be raised to up to 15.5 
MFLOPs if the exact number of elements in the inner product is known ahead of time. For example, if the inner 
product length were 100, the loop iterations consisting of 20 loads, ten mult.adds and one conditional jump would 
each perform 20 FLOPs every 31 cycles. The program used in the simulation was written for the general case so 
that the nodes were essentially limited to 10 MFLOPs sustained throughput rate. 

The simulator was used to measure the efficiency of the HARP and to study the effects of matrix size and the 
number of processors in the system. The simulation accounts for the time to move the inputs to the nodes from 
the shared memory, compute the results, and move the results from the individual nodes back into the shared 
memory. The simulator counts all cycles to include addressing, loop management, testing of conditions, etc. It 
gives an indication as to the amount of time spent performing FLOPs and the amount of time spent on 
communication and overhead. Figure 6 shows a plot of the average MFLOPs achieved by a ten element array 
running matrix multiplications. Note that as the size of the matrices increase, the overall performance ofthe system 
approaches the theoretical limit of 1 00 MFLOPs. The reason that perfonnance is not as close to the limit for smaller 
matrices, is that the 110 and program overhead becomes more significant. Figure 7 show a plot ofthe performance 
measured in average MFLOPs for systems running a 128 x 128 matrix multiplication using P processors. Note that 
for up to 32 processors (the largest array the simulator could handle) there is a linear speed-up as more processors 
are added. This violation of Amdahl's law is predictable because the communication overhead of the 
algorithm/architecture combination clearly does not mcrease exponentially as more processors are added. 
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Figure 6. Matrix Multiplication Performance on 10-Processor Systems 

250 
X 

200 
X 

III 
0.. 
0 150 
..J 

X 
X 

u.. 
X ::E 

"0 
ell c:: 100 'co 
1ii X 
::J en 

X 
50 

X 

X 
0 

0 5 10 15 20 25 30 35 

Number of Processors 

Figure 7. 128 x 128 Matrix Multiplication on P-Processor Systems 
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The next algorithm that was implemented was the FFf. The LAD controller provided hardware support for the 
radix-2 addressing scheme. In the frrst set of experiments, single FFTs of various lengths were computed on 
different sized arrays. The results are summarized in Table 1. We note that the sustained MFLOPS on a single 
processor is within 75% of the maximum sustainable throughput for a single node. The payoff for adding more 
processors, however, is less pronounced than in the matrix multiply algorithm. This is due to the fact that 
communication overhead can not be completely overlapped with computations. Thus, as more processors are 
added, the execution time of the algorithm decreases, but the efficiency of the system also decreases. 

The pipeline FFf algorithm was also analyzed. Here the number of processors was determined to form an FFf 
pipeline that maximized overall performance. Using this number of processors, performance was limited only by 
the system bus bandwidth. Table 2 shows the results ofthe second set of experiments for transform lengths from 
256 to 4096 that were performed on the optimum sized arrays. For each transform length! array size pair, the table 
lists several parameters. First the 1-D pipeline FFf effective computation time is listed followed by the maximum 
sampling rate that could be accommodated for the various transform lengths. The next column shows how much 
time it takes to compute an N x N 2-D FFT using the row/column algorithm. The sustained MFLOPs achieved for 
each 2-D FFT is listed last. The maximum attainable sustained computation rate can be taken to be 1 o*p MFLOPs, 
were P is the number of processors in the array. The efficiency is the measured sustained MFLOPS divided by the 
total attainable MFLOPs. The simulation shows the system efficiency ranges from 67.8% for the 256 x 256 
transform to 80.8% for the 4096 x 4096 transform. 

Table 1. Distributed FFT Performance Results. 

N=512 N=1024 N::2048 N::4096 

P=1 t=3.69 t=7.94 t=17.0 t=36.2 
SM=7.47 SM=7.74 SM=7.96 SM=8.14 

P=4 t=1.64 t=3.39 t=7.03 t=14.59 
SM=16.86 SM=18.12 SM=19.23 SM=20.22 

P=8 
t=1.40 t=2.82 t=5.74 t=11.72 

SM=19.79 SM=21.77 SM=23.55 SM=25.17 

P=16 t=1.31 t=2.59 t=5.18 t=10.43 
SM=21.15 SM=23.74 SM=26.09 SM=28.26 

P = # of processors. t = time in milliseconds and SM = sustained MFlOPS. 

The column-systolic Householder QRD was also executed on the simulator. Figure 8 shows the sustained MFLOP 
rating of the QRD as a function of matrix dimension on a ten processor system. Note that the algorithm approaches 
the 100 MFLOPs maximum sustainable capacity of the system nearly as fast as the matrix multiplication 
algorithm, but levels off to 90 MFLOPS due to additional serial threads in the QRD algorithm. Figure 9 indicates 
that for large matrix size, that the algorithm has linear speed-up as more processors are added. This is due to the 
fact that communications and computations are nearly full pipelined. It is also due to the modulo P wrapping of 
the columns to the array and the use of the external ring connection. This mapping strategy achieves nearly perfect 
load balancing and allows the inherent dependencies of QRD to be effectively eliminated by allowing the system 
to execute more than one iteration of the algorithm at a time. 
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Figure 8. QRD Performance on 10-Processor Systems 
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Figure 9. 128 x 128 QRD on P-Processor Systems 
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The last algorithm that was implemented to date was the modified Hestenes-Luk SVD. The algorithm was found 
to be efficient for large matrices especially if the number of processors was large. As Figure 10 indicates, as more 
and more columns are mapped to each processor, the efficiency of the algorithm diminishes slightly. This is due 
to the fact that more and more time must be spent on pointer operations and loop overhead since the array is actually 
emulating a large array. Memory constraints limited the range of the number of processors that could be used to 
implement the SVD, but Figure 11 shows the results of the system perfonning 48 x 48 SVDs on differing numbers 
of processors. We note that the number of processors must divide the dimensions of the matrix or some processors 
will need to be idle. The figure indicates a linear speed-up as more processors are added for large sized problems. 
This behavior is expected due to the fact that the communication overhead does not grow as more processors are 
added. Actually, as more processors are added, the communication delay remains constant while the pointer 
overhead and housekeeping diminishes. 

Table 2. Pipelined FFf Performance Results for Real-Time Signal and Image Processing 

Processors Time Per Maximum Data NxN FFT NxN FFT 
N Required Pipelined Rate Execution Sustained 

FFT Time MFLOPs 

256 18 94 5.45 MHz 51.5ms 122 

512 19 186 5.51 MHz 197ms 143 

1024 21 372 5.51 MHz 776ms 162 

2048 22 746 5.50 MHz 3.09sec 179 

4096 24 1468 5.43 MHz 12.43sec 194 
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Figure 10. SVD Performance on 8-Processor Systems 
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Figure 11. 48 x 48 SVD on P-Processor Systems 
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Conclusion 

In this paper a hybrid architecture for matrix, DSP, image, and scientific computations has been presented to 
harness the power of N TMS34082 floating-point processors. The architecture can be programmed using many 
different programming models and parallel processing paradigms so that efficient programs can be written for a 
broad range of algorithms. The machine may be programmed as a shared memory machine, a message passing 
distributed memory machine, or a systolic array. The architecture may dynamically switch between any of these 
modes under software control. 

The architecture is optimized to operate with multiple TMS3 4082s. To this end, a local bus controller is introduced 
to assist the TMS34082s in pointer manipulations and to provide a fast addressing capability on the LAD bus. The 
bus controller also provides the ability to perform multiple bus operations, such as a fetch and a send, in the same 
cycle. By allowing the bus controller to have its own instruction stream, a program controlled DMA mechanism 
makes it possible for the cell to send messages or pass systolic data streams while the processor was executes 
numerical loops. While a simple address latching scheme seems reasonable, use of the smart LAD bus controller 
leads to speed-ups of two to three orders of magnitude. 

The system was implemented using the TMS34082 Toolkit along with the RPPT simulation package. Matrix 
Multiplication, FFT, QRD and SVD algorithms were coded in Concurrent C and executed on the architecture 
model to provide detailed cycles counts which were converted into MFLOPs ratings for each algorithm. The 
simulations showed what must be done to make the system execute code efficiently. The main findings were that 
the TMS34082 must be freed from pointer manipulations whenever possible, that registered variables should be 
utilized to reduce costly stack operations, and that the LOOPCT register together with the cjmp.d instruction 
should be used to control loops. Hand optimizations to the assembly code generated by the C compiler were needed 
off-load LAD pointer manipulations to the bus controller hardware. The simulation showed that high performance 
can be achieved if the system is carefully designed and code is optimized. Algorithms can often sustain 
computation rates approaching MFLOPs per processor, where the MFLOPs rating account for program overhead 
and data 110 time. For example, the simulation showed the matrix multiplication algorithm could run at just under 
100 MFLOPs on a ten TMS34082 system. 
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Hall-Mark (918) 254-6110; Lex (918) 622-8000. 
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