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Preface 

T h e des ign of Harp was completed in 1975; construct ion of a 

p r o t o t y p e p roceeded far enough to validate the engineer ing 

aspects of the des ign and assure us that the speed goals had b e e n 

met, but not to a complete running Harp system. We never the less 

fee l that this descr ipt ion of its design and phi losophy and the 

p e r f p r m a n c e results of careful simulation may be of interest to 

o t h e r s . 
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I. I n t r o d u c t i o n 

T h e r e a l - t i m e opera t ion of algorithms that arise in speech and v is ion r e s e a r c h is 

o f t e n l imited b y the s p e e d of the low - leve l signal handling algorithms, w h i c h in t u r n 

a r e t y p i c a l l y l imited b y the computation time of a critical inner loop. T o s p e e d up t h e 

e x e c u t i o n t imes of these algorithms, dedicated special purpose hardware o r v e r y fast 

a u x i l l i a r y p r o c e s s o r s have been used to implement the crit ical code . In s ignal 

p r o c e s s i n g p rob lems , and especial ly wi th the FFT , good results have b e e n o b t a i n e d 

w i t h a spec ia l machine archi tecture re ly ing heavi ly on ins t ruc t ion -cyc le o v e r l a p 

( p i p e l i n i n g ) and o n multiple parallel arithmetic units capable of per forming c e r t a i n 

c o m p l e x o p e r a t i o n s , notab ly the F F T - b u t t e r f l y - multiply, v e r y ef f ic ient ly [ F D P ] [ S P S -

4 1 ] [ A P - 1 2 0 B ] . T h e s e p rocessors are almost invar iably both e x p e n s i v e to bui ld and 

d i f f i cu l t to p r o g r a m , due to their complex st ructure and parallel ism. T h e i r 

c o m p u t a t i o n a l p o w e r o n suitable tasks has nevertheless made them useful . 

A t C a r n e g i e - M e l l o n Un ive rs i t y we are investigating artificial inte l l igence 

a l g o r i t h m s w h i c h , a l though they deal d i rect ly w i th input o r genera ted signals, do not 

fal l e n t i r e l y w i t h i n the realm of conventional "signal processing" . Floating po int and 

c o m p l e x ar i thmetic are not usually requi red , and while the F F T is used in some 

p r o b l e m s , most algorithms cannot consistently util ize such special f e a t u r e s as 

b u t t e r f l y - m u l t i p l y h a r d w a r e eff ic ient ly . Low precis ion integers may be used fo r most 

c o m p u t a t i o n s ; o f t e n o n l y small bit fields are manipulated, as in v is ion tasks w h e r e 

p i x e l s may b e as small as 4 bits. When signal processing is done, multiple p r e c i s i o n is 

as s a t i s f a c t o r y as f loating point. Considerable logical manipulation and dec is ion -making 

c a p a b i l i t y a re also cal led for . We have designed a new processor , Harp, w h i c h su i ts 

t h e n e e d s of o u r r e s e a r c h and is considerably more g e n e r a l - p u r p o s e in its o r i e n t a t i o n 

t h a n t h e s ignal p r o c e s s o r s . 
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I I . A r c h i t e c t u r e 

H a r p is an aux i l iary p rocessor to a host PDP-11. It is a " p u r e " 16 -b i t machine: 

i n s t r u c t i o n s , data paths , and A L U are all 16 bits wide ; there are no " b y t e " ins t ruc t ions 

o r p a c k e d data representat ions . 

T h e H a r p p r o c e s s o r operates from two small, v e r y high s p e e d m e m o r i e s — t h e 

d a t a a n d ins t ruc t ion work ing s tores . T h e r e are no data reg is ters o r accumulators in 

H a r p has the fo l lowing design goals, some of which are in keeping w i t h the 

s i g n a l - p r o c e s s o r a p p r o a c h , some not : 

A . E x t r e m e l y high speed (under 40 ns cycle) . 

B. L o w cost ($5000-$ 10,000 parts) . 

C . Programming simplicity: t ransparent pipeline and parallelism. 

D. L a r g e number of h igh - speed registers . 

E. S e p a r a t e instruct ion and data memories for ove r lapped access. 

F. G e n e r a l - p u r p o s e capabil i ty (minicomputer- l ike instruct ion r e p e r t o i r e ) . 

G . 16 -b i t data and instructions for minicomputer compatibi l i ty . 

H. L a r g e high s p e e d second - leve l memory (4K - 64K). 

I. E x t e n s i v e diagnostic capabil i ty. 

S o f t w a r e tools w e r e used extens ive ly during the design of Harp . A s imulator , 

d e b u g g e r , and assembler , w e r e built v e r y ear ly in the design phase of each p r o p o s e d 

a r c h i t e c t u r e . T h e s e tools w e r e used to code 8 representat ive algorithms (summar i zed 

in S e c t i o n V I I ) to g i ve the designers programming exper ience and p e r f o r m a n c e 

i n f o r m a t i o n . A number of complete design iterations resul ted b e f o r e Harp w a s 

c o m m i t t e d to h a r d w a r e . 
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Figure 1: PMS Diagram of Harp 

t h e c o n v e n t i o n a l sense . T h e data working stores have a 13 ns cyc le time, p r o v i d i n g 

t h e p r o c e s s o r w i t h a 1.2 G b p s (bij l ion bits per second) data bandwidth. 

T h e w o r k i n g s t o r e s izes — 64 words of data, 64 to 256 w o r d s of ins t ruct ions — 

w e r e d e t e r m i n e d b y the number of address bits available in an inst ruct ion and b y 

p h y s i c a l s i z e l imitations caused b y signal propagat ion delays. Because Harp is 

d e s i g n e d to r u n small code fragments these small working s to res are usua l l y 

s a t i s f a c t o r y . T h e e n f o r c e d separat ion of data from instruct ions, though it se ldom 

o c c u r s in g e n e r a l - p u r p o s e machines, does not impact programming s t y l e , and gains 

c o n s i d e r a b l e s p e e d b y over lapp ing code and data memory accesses. 

T h e p r o c e s s o r itself operates in the usual pipel ined instruct ion o v e r l a p fash ion 

( s e e F i g u r e 2). Ins t ruc t ion execut ion is div ided into four stages: 1) ins t ruct ion f e t c h 

2 ) o p e r a n d f e t c h 3 ) execut ion 4) result store. Total execut ion time is 133 ns, w i t h the 

f o u r s t a g e s o v e r l a p p e d to permit a new instruction fetch e v e r y 40 ns. T h u s the 

i n s t r u c t i o n ra te is 25 Mips (million instructions per second). 
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I S t a g e 1: I Stage 2: 
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120 133 
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Figure 2: U * T P i p e l i n e Timing 

C o s t and genera l i t y constrained the design of the Harp arithmetic unit . It is 

l imi ted t o a 16 bit t w o ' s complement general purpose function genera to r and a s ing le , 

s e p a r a t e (and s l o w e r ) multiplier. The algorithms listed in Sect ion V I I s h o w that 

e x e c u t i o n s p e e d is not limited b y the instruction set. 

T h e w o r k i n g s t o r e contents can be t ransfer red to o r f rom a large b u f f e r memory 

v i a a b lock t r a n s f e r mechanism. T h e t ransfer rate of 0.8 Gbps (20 ns p e r w o r d ) avo ids 

b o t t l e n e c k i n g the fast process ing of Harp. Buffer memory is expandable f ro m 4K t o 

6 4 K and is d o u b l e - p o r t e d , one por t permitting high speed t ransfers to the H a r p 

w o r k i n g s t o r e s , the o t h e r compatible with a PDP-11 UNIBUS. 

No s i n g l e - w o r d d i rect access to buf fer memory is p rov ided fo r s e v e r a l r e a s o n s : 

1) th is memory is in te r leaved , and the delay for initiating access is f i ve times g r e a t e r 

t h a n t h e a v e r a g e t rans fe r time; 2) allowing access an a c y c l e - t o - c y c l e basis w o u l d 

h a v e s l o w e d Harp 's execut ion rate considerably ; 3 ) t w o w o r d s of w o r k i n g s t o r e a r e 

t a k e n u p b y addresses fo r each reference to buffer memory. 
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T h e b lock t rans fe r machanism is used to ove r lay programs too large to f it in the 

a v a i l a b l e ins t ruc t ion memory. Block t ransfers are fast enough to make f r e q u e n t 

o v e r l a y s acceptab le in many situations: a 6 4 - w o r d transfer takes less than 1.5 us. 

S ince Harp is intended to operate in conjunction wi th a host computer , no input 

o r o u t p u t capab i l i t y is p r o v i d e d other than the buf fer memory connect ion to the 

U N I B U S . T h e U N I B U S bandwidth is sufficient for most I/O to real - t ime d e v i c e s and 

mass s t o r a g e . Since the re lat ive ly slow PDP-11 coordinates these t r a n s f e r s to the 

b u f f e r m e m o r y , no h a r d w a r e inter rupt capabil ity is included in Harp. 

I I I . I n s t r u c t i o n Set 

T w o - a d d r e s s instruct ions are advantageous in high speed process ing , s ince o n e 

s u c h i n s t r u c t i o n can accomplish as much as two or three s ing le -address ins t ruc t ions . 

I n c l u d i n g t w o - a d d r e s s o r " 2 - o p " instructions in the 16 bit Harp inst ruct ion w o r d s , 

h o w e v e r , f o r c e d a t i g h t l y - p a c k e d coding of address and opcode f ields. C a r e f u l 

c o n s i d e r a t i o n of the algorithms to be implemented on Harp led to t w o he lp fu l 

o b s e r v a t i o n s : 1) o n l y a few kinds of double operand instructions are used in a g i v e n 

l o o p , a l t h o u g h the instruct ions themselves v a r y from algorithm to algorithm (see detai ls 

in F i g u r e 4) ; 2) indexed addressing wi th some kind of auto - incrementat ion is v e r y 

u s e f u l f o r the v e c t o r - o r i e n t e d operat ions. These considerat ions led to the 

u n c o n v e n t i o n a l ins t ruct ion format shown in Figure 3. 

T h e u p p e r t w o bits of the instruction w o r d , if nonzero , indicate a t w o - o p 

i n s t r u c t i o n . T h e t h r e e possible nonzero combinations select one of t h r e e o p - c o d e 

r e g i s t e r s : O P A , O P B o r OPC. The contents of the selected reg is ter then dete rmines 

t h e p a r t i c u l a r t w o - o p instruct ion from among 19 implemented funct ions. T h u s a 
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Figure 3 : Harp Instruct ion Formats 

p r o g r a m is l imited to o n l y three d o u b l e - o p instruction t y p e s at a time, but t h e 

p r o g r a m m e r can select which th ree b y loading the o p - c o d e reg is ters . 

T h e o p e r a n d address fields contain 7 bits: 6 to d i rect ly address the 64 locat ions 

in t h e data w o r k i n g s t o r e , and one addressing mode bit. The mode bit se lects one of a 

p a i r o f avai lable modes as determined b y the ADRM register (see A p p e n d i x B) . T h e r e 

a r e t w o index r e g i s t e r s , X I and X 2 , wi th auto- increment and auto -decrement capab i l i t y . 

T h e s e r e g i s t e r s may also be modified b y some of the branch instruct ions f o r s impl i f ied 

l o o p c o n t r o l . 

I f t h e u p p e r inst ruct ion w o r d bits are z e r o , Harp decodes the ins t ruc t ion t o 

d e t e r m i n e w h e t h e r it is a s i n g l e - o p , branch, register load/store, o r block t r a n s f e r . T h e 

16 s i n g l e - o p inst ruct ions are similar to PDP-11 instructions. Ar i thmetic and logical 

o p e r a t i o n s set the N, Z, C, and V bits in the PS register wh ich are used b y t h e 

c o n d i t i o n a l b r a n c h instruct ions , again fol lowing the PDP-11 convent ions . T h e r e a r e 

i n s t r u c t i o n s f o r loading and stor ing the 8 state registers (OPA, OPB, OPC, A D R M , X I , X 2 , 

P S , P C ) inc luding a l i teral load. 

T h e b lock t r a n s f e r instruct ions move data between the buf fe r memory and t h e 

w o r k i n g s t o r e s and opt ional ly in ter rupt the PDP-11. A t w o w o r d desc r ip to r in w o r k i n g 
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I V . E n g i n e e r i n g Cons iderat ions 

H a r p is implemented w i th 10K ser ies ECL integrated circuits in the p r o c e s s o r s , 

w o r k i n g s t o r e s and the i r cont ro l [ M E C L J Approximately 400 ECL chips are mounted o n 

8 d o u b l e - s i d e d 9 x 12 inch PC boards. The "backplane" is square shaped instead o f 

f la t , w i t h sockets f o r t w o PC boards on each of the four sides; the boards p lug into 

t h i s " c o r e " in a c r o s s conf igurat ion so that the component side of each b o a r d is 

a c c e s s i b l e at all t imes. Th is radial construct ion technique keeps i n t e r - b o a r d 

communicat ion d e l a y v e r y shor t , and during servic ing prov ides access to all ch ips 

s t o r e p r o v i d e s a buffer memory start address, a working s to re star t address , and a 

b l o c k l e n g t h . 

A spec ia l set of instruct ions dispose of the output of the separate mult ipl icat ion 

p r o c e s s o r , w h i c h pe r fo rms 16x16 bit multiplications and retains the 3 2 - b i t p r o d u c t . 

I n s t r u c t i o n s are p r o v i d e d to s tore the two halves of this result in data memory and to 

a d d them to data memory ( to accumulate a doub le -p rec is ion inner p roduc t ) . T h e 

mul t ip l i cat ion p r o c e s s o r operates in parallel wi th the central p rocessor but r e c e i v e s 

i n s t r u c t i o n s and o p e r a n d s f rom it. The 16x16 multiply takes 80 ns to complete , so a 

p r o g r a m must e x e c u t e at least one instruction after the MUL be fo re accessing the 

p r o d u c t . 

T h o u g h Harp is a pipel ined machine, the pipe is invisible to all ins t ruc t ions 

e x c e p t exp l i c i t s t a t e - r e g i s t e r references . Branch lookahead hardware avoids d e l a y 

w h i l e a l lowing natural instruct ion sequencing. Programmers need not be c o n c e r n e d 

w i t h s u c h compl icat ions as "clearing the pipe on a b ranch" which plague most s ignal 

p r o c e s s o r s . 
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s i m u l t a n e o u s l y w i thout the need for extender boards. A l though the c ross consumes 

c o n s i d e r a b l e packaging volume, it is rackmountable at 17 x 17 x 12 inches. 

D o u b l e - s i d e d PC construct ion was chosen o v e r w i r e - w r a p because of c o s t , 

s igna l f i d e l i t y , and reproduc ib i l i t y . Multi layer PC, w i th its h igher p r o t o t y p e t u r n ­

a r o u n d time and e x p e n s e is not just i f ied b y the present circuit dens i ty . 

M e m o r y ch ips of suff ic ient s ize and speed for the buf fer memory are p r e s e n t l y 

least e x p e n s i v e in T T L , so this memory and the PDP-11 interface are implemented w i t h 

T T L T h e b u f f e r memory chips and their control c i rcu i t ry are mounted o n P C b o a r d s 

a d j o i n i n g the c r o s s . T h e r e is room to expand the memory to 64K w o r d s (16 b o a r d s ) 

w h i l e k e e p i n g the memory bus length to the ECL conver te rs under 12 inches. C a b l e s 

c o n n e c t t o the PDP-11 interface and control c i rcu i t ry . This 100 chip T T L c i rcu i t is 

w i r e - w r a p p e d in the p r o t o t y p e . 

T h e p r o s p e c t of having severa l Harps in our environment encouraged d iagnost ic 

c a p a b i l i t y to ease the h a r d w a r e maintance burden. Since most of the machine fa i lu res 

a r e e x p e c t e d to be hard static faults rather than high speed timing p r o b l e m s , 

c o n s i d e r a b l e w o r k has gone into a hardware diagnostic sys tem and its s o f t w a r e 

s u p p o r t package . All of these involve the PDP-11 as an in te r rogater and data 

c o l l e c t o r . T h e machine clock may be s topped and Harp may be s i n g l e - s t e p p e d b y P D P -

11 s o f t w a r e . B e t w e e n cyc les , all registers and i n t e r - b o a r d data and cont ro l s ignals 

m a y b e examined b y the PDP-11 without affecting the state of Harp ; the w o r k i n g 

s t o r e s can b e accesed th rou g h the Harp processor while Harp is halted. 

L o w e r - l e v e l d iagnost ics exerc ise the buffer memory, work ing s t o r e s , p r o c e s s o r , 

a n d c o n t r o l at l eve l s sucess i ve l y deeper within Harp. Combined w i th the access ib i l i t y 

o f i n t e r - b o a r d s ignals , these should allow location of faults at the reg is te r l e v e l . 
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V . S o f t w a r e 

H a r p is fu l l y s u p p o r t e d b y an extensive collection of system s o f t w a r e , including 

a s y m b o l i c assembler , an unusual g raphics -based debugging package, a complete 

s i m u l a t o r , and a set of PDP-11 rout ines for Harp control . 

T h e Harp d i s p l a y - o r i e n t e d debugger runs on the PDP-11 and uses a g r a p h i c 

d i s p l a y terminal to maintain a picture of the instruction memory (decoded) , the data 

m e m o r y , and the s tate reg is te rs ; it has facilities for tracing programs and modi fy ing 

m e m o r y in Harp . T h e d e b u g g e r can be used wi th either the simulator o r the actual 

h a r d w a r e . 

A package of BL ISS -11 routines and macros allows the PDP-11 p r o g r a m t o 

a c c e s s all Harp memories and to control execut ion of Harp. Tfcjese rout ines are the 

b a s i c fac i l i t y f o r inner loop execut ion on Harp. 

V I . G e n e r a l - P u r p o s e Capabil i t ies 

T h e d e s i g n e r s of Harp began wi th a v iew of creating a "functional ly s p e c i a l i z e d 

a r c h i t e c t u r e " f o r the problems encountered in speech and v is ion r e s e a r c h . A s w e 

p r o g r e s s e d it became clear that the only relevant common character ist ics of the tasks 

a r e 1) f a i r l y la rge amount of processing on each datum, and 2) small items, usual ly 4 t o 

12 b i t s o f p r e c i s i o n . T h e f i rst observat ion is exp ressed in the s ize of data w o r k i n g 

s t o r e — 64 w o r d s is large if cons idered as "registers" , but small for a "main memory" ; 

as " w o r k i n g s t o r e " , it is wel l matched to Harp's tasks. The second led to the choice of 

small (16 b i t ) i n tegers as the data t y p e . The resulting design looks not at all l ike a 

" s p e c i a l i z e d " p r o c e s s o r , but more like a clean vert ical ly microcoded minicomputer w i t h 

r e s i d u a l c o n t r o l . Notab ly , at least one recent signal p rocessor des ign is b i l led b y its 

b u i l d e r s as bas ica l ly a "high performance minicomputer" [ L D V T ] . 
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W e e x p e c t Harp to be so cost -e f fec t i ve that it will be attract ive w h e n e v e r more 

is needed on a PDP-11 system or similar minicomputer. 
p r o c e s s i n g p o w e r 

V I I . P e r f o r m a n c e 

T h e s imulated per formance of Harp on 8 representat ive tasks is s h o w n in F i g u r e 

5 , c o m p a r e d t o the performance of two conventional computers on the same tasks . 

T h e e f f e c t i v e n e s s of the Harp architecture and instruct ion set des ign can be s e e n in 

F i g u r e 4 w h i c h s h o w s f requenc ies of use of var ious machine features . 

A L G O R I T H M 
H i s t o g r a m 
D r a g o n 
F F T 
T e m p . M a t c h 
F i t B o x e s 
A u t o C o r n . 
E d g e S a p . 
S m o o t h i n g 

T O T A L 
T O T A L U / 0 

XFER % XFER 

T I M E T I M E T I M E 

284 75 33 

271 98 37 

38 11 33 

145 22 31 

22 cn
 

15 

1332 281 15 

238 21 9 

l l ß 33 28 

2358 458 19 

1824 257 25 

I N S T B I T S OF 

SPACE USED P R E C I S I O N 

41 8 & 19 

64 16 

63 16 & 32 

26 12 & 28 

47 10 & 16 & 26 

55 12 & 32 

63 OO
 

34 

00 

393 

A L G O R I T H M 
H i s t o g r a m 
D r a g o n 
F F T 
T e m p . M a t c h 
F i t B o x e s 
A u t o C o r r . 
E d g e S u p . 
S m o o t h i n g 

T O T A L 
T O T A L U / 0 

A u t o C o r r . 

TWO-OPS USED 
M U L , A D D , A N D 
MOV,ADD,CMP 
M O V , M U L , A D D 
MOV,MUL 
MOV ,MUL ,CMP 
M O V , M U L , A D D 
M O V , S U B , C M P 
M U L , A D D , S U B 

DYN % 
TWO-OPS 

40 
45 
16 
18 
23 
11 
32 
66 

22 

37 

STAT % 
TWO-OPS 

29 
48 
24 
19 
19 
24 
24 
29 

35 

DYN % 
MULT T I M E 

8 
0 

10 
36 
26 
22 

0 
0 

16 

8 

DYN % 
BRANCHES 

4 
12 

5 
19 
17 
32 
27 
15 

25 

16 

Figure 4: H a r p Statistics 
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PDP-10 SAIL PDP-11 A S M HARP 

7.62 5.99 0.172 
12.39 9.84 0.219 

1.49 2.50 0.029 
25.04 17.96 0.114 

126.36 130.79 1.054 
14.93 6.73 0.178 
20.66 9.11 0.103 

5.97 5.32 0.018 

H a r p 

A l g o r i t h m 

H is togramming : 

D r a g o n ( S p e e c h Unders tand ing) : 
B u t t e r f l y Mu l t ip l y fo r F F T : 
T e m p l a t e Matching (14x40 Mult ip ly ) : 
A u t o c o r r e l a t i o n w i t h Hamming Window: 
E d g e S u p p r e s s i o n : 
P i c t u r e Smooth ing o r T e x t u r e : 
M a t r i x Mul t ip l icat ion for 3 - D Graphics : 

F igure 5: Comparative Times 

Histogramming is an image understanding algorithm that examines an e n t i r e 

p i c t u r e and y i e l d s the total number of points at each intensity level . T w o data t y p e s 

a r e u s e d : p i c t u r e elements which are 8 bits, and 256 "buckets" fo r count ing p i c t u r e 

e l e m e n t s . T h e buckets must be at least 19 bits for pictures which are 480 b y 640 

p o i n t s . 

D r a g o n is a s p e e c h recognit ion system that uses probabi l i t y n e t w o r k s t o 

u n d e r s t a n d s p e e c h . T h e inner loop involves calculating the probabi l i t ies of 

t r a n s i t i o n i n g t h r o u g h the ne twork at each time interval . All values are r e p r e s e n t e d as 

l o g a r i t h m s so that no multiplication is necessary . S ix teen -b i t prec is ion is adequate 

t h r o u g h o u t all calculat ions. 

T e m p l a t e matching, a speech understanding algorithm, compares the parametr ic 

r e p r e s e n t a t i o n s of t w o signals. It multiplies a 1x14 ar ray w i th a 14x40 a r r a y to g i v e a 

1 x 4 0 a r r a y . Maximum input precis ion is 12 bits, so 28 bits are adequate f o r 

ca lcu la t ions and output . 

T h e g r a p h i c s algorithm Box Fitting ret r ieves points in a sparse l y r e p r e s e n t e d 

t h r e e - d i m e n s i o n a l space. T h e space is broken down into as many as 8 a r b i t r a r i l y 

r o t a t e d and located rectangular boxes, each completely desc r ibed b y a 4 x 4 
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t r a n s f o r m a t i o n matr ix . G i ven a point in 3 -space , the list of boxes is s e a r c h e d t o f ind 

o u t w h e t h e r the point is in a box. If successful , a search is done o n 8 s u b - b o x e s , e t c . 

T h e 3 - s p a c e po ints are 10 bits and the transformation matrices 16 bi ts bu t t h e 

i n t e r m e d i a t e cesults need 26 bits . 

A u t o c o r r e l a t i o n is a speech algorithm for examining wavefo rms . T h e H a r p 

a l g o r i t h m p e r f o r m s a Hamming window normalization on the input data p r i o r to t h e 

a u t o c o r r e l a t i o n . Th i s consists of multiplying 12-bit signal values b y a w i n d o w f u n c t i o n 

t o g i v e a 1 2 - b i t s ignal . T h e algorithm produces corre lat ion f igures fo r 15 d i f f e r e n t 

p e r i o d i n t e r v a l s along an input waveform. The output values, multiplied and summed 

a c r o s s 200 samples , must be at least 32 bits. 

Smooth ing is an image understanding algorithm that examines e v e r y point in a 

p i c t u r e and smoothes it in relat ion to its context . The 8 points su r round ing the po in t 

t o b e s m o o t h e d are summed; if the sum exceeds a threshold , the point is smoothed o u t . 

A n o t h e r image understanding algorithm is Edge Suppress ion , used fo r thinning out the 

e d g e s in a p i c t u r e b y removing ext raneous picture elements on an edge . Each scan l ine 

is e x a m i n e d , and o n l y local maximum points are retained. Both of t h e s e image 

a lgo r i thms w o r k o n p ic ture elements of up to 8 bits in s ize . 

Fast F o u r i e r T rans fo rm is the standard signal process ing algor i thm that 

t r a n s f o r m s f r o m a time domain to a f requency domain. This part icular implementat ion 

d o e s a b i t - r e v e r s a l ( r e - o r g a n i z i n g of data) and a t ransform of 1024 complex v a l u e s 

u s i n g 16 bi t i n tegers . 
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V I I L A c k n o w l e d g e m e n t s 

Raj R e d d y saw the need for Harp and p rov ided d i rect ion to the p r o j e c t . 

T o g e t h e r , the authors d e v e l o p e d the architecture and instruct ion set . Stan K r i z 

d e s i g n e d the ECL logic; Br ian Rosen designed the buffer memory. S t e v e n Rubin and 

S t e v e S a u n d e r s w r o t e the simulator, S teven Rubin the debugger , David King the Harp 

a s s e m b l e r . S t e v e n Rubin and Robert Watkins w r o t e the test algorithms. G r e g L a w s o n 

a s s i s t e d w i t h the diagnost ics. The authors would also like to thank Bill B r o a d l e y and 

J im T e t e r f o r he lpfu l d iscussions and Mark F i r ley , Nancy Whitaker, Eric Ost rom and Er ic 

W o u d e n b e r g f o r technical assistance. 
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APPENDIX A  

Instructions 

Mnemon ic Desc r ip t ion 

T W O - O P I n s t r u c t i o n s 

A D D A d d 
A D D C A d d w i t h c a r r y 
S U B Subt rac t 
S U B C Subt rac t w i t h c a r r y 
R S U B R e v e r s e subt ract 
R S U B C R e v e r s e subt ract w i th c a r r y 
M U L Mul t ip l y 
M O V M o v e 
M O V N M o v e negat ive 
A N D Logical A N D 
B I S Logical OR 
N A N D Logical NAND ( N o t - A n d ) 
N O R Logical NOR ( N o t - O r ) 
X O R Logical Exc lus ive Or 
E Q V Logical Equivalence 
B I C Bit C lear 
I M P Logical Implication 
B I T T e s t bi ts 
C M P C o m p a r e 

O n e - O p I n s t r u c t i o n s 
N O P No o p e r a t i o n 
H A L T I Halt and in te r rupt 
T S T T e s t 
C L R C l e a r 
C O M Complement 
N E G Negate 
I N C Increment 
D E C Decrement 
ROR Rotate r ight 
ROL Rotate left 
A S R Ar i thmet ic shift r ight 
A S L Ar i thmet ic shift left 
A D C A d d carry 
S B C Subt rac t c a r r y 
S X T S ign e x t e n d 
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B l o c k T r a n s f e r Ins t ruct ions  
D A T A I Read into data memory 

W r i t e f rom data memory 
Read into instruct ion memory 
W r i t e f rom instruct ion memory 
Read into data memory and interrupt 
W r i t e f rom data memory and interrupt 
Read into inst ruct ion memory and interrupt 
W r i t e f rom instruct ion memory and interrupt 

D A T A O 
I N S T I 
I N S T O 
I N T D I 
I N T D O 
I N T I I 
I N T I O 

BR B r a n c h 
B N E B r a n c h 
B E Q B r a n c h 
B G E B r a n c h 
B L T B r a n c h 
B G T B r a n c h 
B L E B r a n c h 
B P L B r a n c h 
B M I B r a n c h 
B H I B r a n c h 
B L O S B r a n c h 
B V C B r a n c h 
B V S B r a n c h 
B H I S / B C C B r a n c h 
B L O / B C S B r a n c h i 

B r a n c h I n s t r u c t i o n s 

if not equal 
if equal 
if g r e a t e r than or equal 
if less than o r equal 
if g r e a t e r than z e r o 
if less than or equal 
if pos i t i ve 
if negat ive 
if h igher (unsigned) 
if l o w e r o r same (unsigned) 
if o v e r f l o w clear 
if o v e r f l o w set 
if h igher o r same (unsigned) / c a r r y set 
if l ower (unsigned) / c a r r y set 

S t a t e R e g i s t e r Ins t ruct ions 
S T n S t o r e r e g i s t e r n into data memory 
L D n D Load r e g i s t e r n f rom data memory 
L D n Load r e g i s t e r n f rom literal 

M u l t i p l y - f e t c h Ins t ruct ions 
M A C H A d d h igh par t of product 
M A C L A d d low par t of product 
M S T H S t o r e h igh par t of product 
M S T L S t o r e low par t of product 

L o o p C o n t r o l Ins t ruct ions 

A O B 1 Inc rement X I and branch if n o n - z e r o 
A O B 2 Increment X2 and branch if n o n - z e r o 
SOB1 Decrement X I and branch if n o n - z e r o 
S O B 2 Decrement X2 and branch if n o n - z e r o 
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APPENDIX B_  

Addressing Modes 

The foilowing table lists th m e o. the Addressing Mode Register (ADRM). 

This register is divided into two . -bit fields called the source mod. and t h . destination 

m o d e . Each field selects a pair of addressing modes that a source or destination 

operand can choose from. The high bi, o, the instruction address field selects one of 

t h e pa i r . 

D T h e low 6 bits d i rect l y address the operand. 
X I T h e low 6 bits are added to index register 1 to obtain the address . 

T h e low 6 bits are indexed wi th index register 2. 
T h e low 6 bits are indexed with X I , which is then incremented. 
T h e low 6 bits are indexed wi th X2 , which is then incremented. 
T h e low 6 bits are indexed wi th X I , which is then decremented. 
T h e low 6 bits are indexed wi th X2 , which is then decremented . 

X 2 
X1 + 
X 2 + 
X I -
X 2 -
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