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ABSTRACT This paper deals with an automatic recovery mechanism designed to prevent the occurrence,
of subtract errors at computer architecture level. This mechanism always detects the occurrence of

subtract errors whenever addition or subtraction is performed. If a subtract error is detected,
backtracking to a certain location is carried ocut, and from there recomputing is performed in order to
realize the required precision. An adaptive algorithm required for this mechanism is described in detail.
An experimental adaptive computer was implemented on a Burroughs B1700. The evaluation of the
experiments proves that the inherent possibilities of dynamic microprogramming play a very important role

in realizing this mechanism, and that the proposed mechanism will be useful for the development of future

high-level computer systems.

. @UHIC

BWOETFER, ENIACOEELIR, Z+4&
DEDHRERPFBE, 2 OMTEBRBEFL, 13
SLWEHEZRIT -, &2 ITAIKOAY — &
EMBEREEOLSIEMIC L > TE REIE LY
EL, LT ALITYZLPFEHESA, IHEL
VI M T DFEBERBEVTSUSSE S EE
FREESN, VI 027D T7 7Y r—3 gt
KNI N T, LL, HEHEY 377
FrbRNUT, EROFHERS X F LD TIE,
EEACBERELESDI B ENE W,

RAEDHEK Y ZTFLDEF LAY, 74/
AV OBEEZRIILTEY, 2h5BELLSE
—HRDOLDIZHEML T B, FHERTCOEEL,
ZERBEFPHOCSWAEEDF—- 5D LTIt b
nTwni3,

BERT -7 COMERERLIIN-FY 27 2%
2L, BHEZAC-FEEEOHELEEDH
AHRE, BEELLZELOEARLMEL® L x4,

TRHBLIELIEZOMALITELTLE S, &%
L, BEEL 27975 A0EFUMICTAT 3
ZEWHEIZOTh LY, Zhi, REROHEE
BHEEELIZIHLTZ+—VbML Sy b TlA
, BHEET -7 7F v LRV TCYAFALS
—EELTVWEE VR, 2RENHRELELED
VATATH I 3T E%451E, yursscs
CRIEERIRERERDET EL 520,
ZORLTIE, MEELOREEMTL, 74
“WEPLS YAV a-F 4T, Thbb,
HMEBLORE ST 3EHEET LT £ 4
EEMT A0 HERL S, £/, Z0OE2R
PERTFEOHER Y 27 AIIERT 32 2L
IDRTHFLFIvr4rarars s v ig
Wk EEs AR E2ET 2 27T Y, BE
LEBBOSRLERET -1z, Su—2AB17
00Ft MY 27 £ P L CEBREF R, 20D
EROFMBE LU — =~y FIZkoT, BE
LEBEZPROHERT —F7 7 F v I2BEW
KWEETHhI IR EUA»N S,



2. BESHEICEIS 37— bLFba
Ea—-F1427

Tar 5T HFEBTARLL-o2VEEED ]
DILEEERL D 5, FIEE T, EEEZWT
WEEET - SRR L 2 EWLLTWVWED
T, 7077 LOFRTHIL, BEELSDPLDRE
REDEARLROIEREIND, BT, BEES
IR E L, FHRIT A LIEEEICLL IR LV,
ZhiE, ZOMBEIIH L TIEEAGEREZ BN
LMASNZWI L 2BWRYT 5, HEHELIZLD
FRHT ORI LIELER-2ERE2LAE5T,
EZIE, AT RY g VT vk ERw AR, b3
TOBRZRF—BWVILEMNT LI Pb B, b
L, fixko2EFEE Ry FELTRBELYT
Bhh2EEREIR -0 LE, 2DE3 %
FELLBVWHEBAIZ 2010, BEIfEX
NEBEZFLZYAy b LTRELETZI> LT
USSLEENPETNRELELE V. )1 DDH
LT, A, ZRFBRXEBIA-DDOELS
TUWTYA L%, TOFEFEHTIE, TbH-
FEREBACE BB EVIE LTV,
WAz hE, -, 2hil, wDoH»D
THE) #BWTTOr7 70582 2ERS
hTwa, shbnsurssul, HEL27LT
VAL ERBWAETFELZLOTIEEL, £ DI R
BB AT v TEEATRHELLDTH 3,
HEMAHESTH TRERANEHEAERL TS
b hhrbh5 T, BEAEICEL CEERT —*
FUF R IlEWTCHT - BRI LW EI3EFEER
TRETH B,
HMEELOFE LW MELHERT %77
FyTRBRTBIEE, VI LT T DEEGED
Bl AR AT 30

3. BEZHEB{AO0BDEERE

3—1{ HEgkLsrr7Ia-—-7F
BEEL 2EEXE I, 320FE2E2L
5h3,

N7HTYVXLEZ20EECERTT IHEDIEF
REZ 5B, (N7TNVITVXLERRBT %, (H7as
FLOEFTHICHEE L 2RILE, XV KREVE
ETEHEZITE ),

BETFOREK I, HER, HHE, BHBED
& R BBEMICIEE SN AERBE IR SV TY
3, AIXHEOHENTE 2HEL, BEEL2
METAERELELLV, 5T, (), (DOHEk
FL-F =TT LDLRVTOEBEHENT
Wb, Th5D220FHEEY AT ALANLT,
EIEMEPERT 270 ICEET 32010, &
Y AT LADRFITEALZT VT ) X LIZED
SHEFH B, 351, ZORBLEEREON-F
YrTELIPV T I THERNTERL ZBAEIC
d ==~y FIZIEFEIIAREL RS, 22T, (i)
DHEF—FERWERDN S,

3—2 YRFLLANITOMERR

HEELOREABRBTARBEI RTSZ L,
BAELHBT OO MBORE, &L UHA
BLENNY 72 NT 9 7§20 1T EEIERT
BFEEROIBZEFEEL L B,
© # Fx F =

(i) BEZEHOHKE
MBEDOHERONHSY, oL LLDROSNEE
IO PEWE ERBERLIRBRELLET 5,

(i) FEEORBLE
BAGRAIE L, RBREDT L b AMAE LT 5, %
NEDORERY, BEELS LE-NBEOBERET L
LTRHWwWSRhTWS,

@iy WEtE
HHEOFHEE, ERSNIBEIBLSLSZE
THEES N 3,

W Ry brSv IR
BHERFELLITL 32010, HEELIREL
ToMBE L HBEOM T, BE SR,
TOEFAREhTWRZITWEE S50, -7,
EEINAEHZ 70T L0OEFTHIIML-T
BET 5,

HHEOBMBNEBA DL IIBAZDIZLT
DEILEBRTH 3,

e REE LR ELANBEOF T v FY, %
NURICE OV BERSERSL TV LW EEE
EHEDNEBTELV,

SEITEMOBEHEOEE LS, MBEH 2 VITH S
BRABETIE, BTNHOERCES 2%
HOZENTEL W,

e EREDERONEIZ, TOART Y FONFH



FVRLSZA2ZEDPTE S,
EhogEIrER s S -DI01E, HEEY A7
LIFEENDT— 5 kv, RERENEE Y
R— b T BRRT-FF 7 F v 220 0EL
550,

@ B m |\ F

B EZHBT 2EEONBE T 4 b b BHANM
B, BBT 23X CBNBIICI-oTHRES R
3, BREAELLF2 I 20II70r 5 40E
ITHRIRETREERG I /-, BBFICE-T
BRuwliashd, 705 oRNOZMBEICHL,
BHEOHBRMABNEREIREENS, LAL,
HEELEEULAMBED2ODART Y FD
b, 2R LL—FIRBRETCEREIATVET
hE, BRE#T2 2213 TEL W,

RGN EERETIEBREI WL DL DB
XX, BEHEOMBMNELLTC2DOD4 RS Y F
DELAZH L THRBORBREINEEINS, 75,
Tus 5 LROEGFEFRIERT SIS 70HT
HTEbahndhslE, LROEKERIL, ),
bEHEEUCEDBEIIZOEIEIHEETE S, &L,
KO EHEI ), QDOBEDLI L —-THIZDH
BIEAI3, HHBMEBEE, V- 7OADOOMNEIC
EExhB, ZOBPAE, &2, stEEY 1A
PORBREANy IS 9oL, 22h5BHE
AL TLHODBRENF V- TR TREL, EE
HIERFEFES LV,

BHEANB RES NS, ERERIIH-T
EFRUCBRBETREEHIEHIERIN S, L
L, Turssahizn—7TrhHbL xl1E, V-
THTERSN, POBRBINI3TNTOEHK%
BETZ22LEL, 2OL—-THOBEZIZHLT
BEAFEBII X 3BT 2T 2 b LV,
® FHORELHEHE

BRI, BREOBHANE L RETNE
EHERET S, 2hoDF—5IiE&EIVT, &
HERIGASOEMTBIIBHEO-DIILELER
PRFELZTNRELZS 42w, T4bhb, »3EH
PREEILE-T, BiibiniEBliERan3
251, EHIXhAUEEZOBOBEAIETH
BN 3, £/, RETNEEHIT, BT
BG4 I20IE, V—TOAODOHLEIFEITEA
BRI IR S, 2L T, BEELRIE I A
3¢, BHBMNEI M REEINLAERY 5B IEN,

@ multiply or divide instruction

C) add or subtract instruction
¢ restart location
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DEFINITIONS

[] Control flow graph of the program G
G = (s,N,E)
where, s is the entry node,
N is the set of nodes representing
a sequence of program instructions,
E isvthe set of edges of orderd ncdes

representing the flow of control.

00 path P(ny, ng)
A path from nj to ng is an ordered sequence of
nodes (nj,n2,...,ng) and their connecting edges
in which each nj is an immediate predecessor of

Ri+le

0 mp(P)
ND(P) is the set of nodes contained

in the path P.

0 mod{a,nj,ng,P) = 1 iff there is a node ny for
some k with 1<k<K-1 which can modify the value

in o when control flows along the path P.



O use(a,ny,ng,P) = 1 iff there is a node ny for
some k with 1<k<K which can use the value in

o when control flows along the path P.

0 pEF(a,P)
A set of nodes representing multiply or divide
instructions which can define the value in o
explicitly or implicitly when control flows

along the path P.

An algorithm to find the restari location

for ny along the path P.

: a node representing an add or subtract

instruction whose source operands are

o and 8, and destination operand is Y.

P & a path from s €0 wg.
begin
let fig be

pre(P, {suc{e, DEF{a, Py} U suc(P.DEF{B, P11}
if np does not exist
then no restart locations exist along P,
glse if nest level of nyp is O
then ng is the restart location.
2lse if nest level of my is O
then the entrance of the loop which
contains np and whose nest
level is 1 is the restart loca-
tiomn.

else 1) vest le

.

which containg ny is the

restart location.

00 pre(r,a)
A node which is the predecessor of any other

node in A, where A is a subset of ND(P).
[0 suc(r,a)

A node which is the successor of any other node

in A, whére A4 is a subset of ND(P).

bn algorithm to f£ind variables to be saved.

n : a node representing an add or subtract
instruction
ny : a restart location for np.
i ¢o@ variable which can be modified by
v i~th instruction
begin
for all the paths from ny to ny do
begin
nj «© 0,
repeat
Zf n; is the entrance of the loop L then
begin
The variables which can be modified and be
used in L are to be saved.
if n; is in L then the analysis is finished.
n; < the immediate successor of the exit
of &,
end else
begin
if v; can be medified at ny then
begin
if uselyi,ng,ni,P)=L and mod (yi,ny,,ng,P)=0

then v; is to be saved.

end;
n; « the immediate successor of nj
end;
until ny = ny
end;

end;
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a,B:

Y

Look up the
control table for
o and B.

a's column
exists, and itis
not null.

no

exists,

B's column
exists, and itis

not null.

.
B's column no

and it is

yes

not null.
yes.

Get the defined
location ny
from B's column.

Get the defined
location ng
from a's column.

Get the defined

cation n rom
% & columnRof earl-

ier defined value.

nest level_ ,\YSS
of np
no

no restart} .
locations.

[ np is the restart 1ocation.l

yes

from L-stack.

Pop L-stack until the nest
level is equal to 1.
Get the restart location

>y““‘*1

Pop L-stack until the nest
level is equal to the nest
level of ng. Get the restary
location from L-stack.

Get the restart
location from
L-stack.

EXIT

EXIT

source operands of the current instruction

: destination operand of the current instruction
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YooYty bEN3, G MBES 3 WIER

HEGR IR E PTR. BLINK BUNK I
/ ZERO FLINK FLINK °°
TAGSIEN REAL ¢
M words
s VALUE g
01 24 -
INTEGER 24 bits
TAG ¢ type indicator, VYALUE: 2's complement, SIGN: sign of mantissa
ZERD : zero indicator, {NG: word length of mantissa, gxp: exponent based 22"
LZ : number of leading zero words, PTR.: pointer to the first block of mantissa
BLINK : pointer to backward block, FLINK: pointer to forward block
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Control_table
LOC |IN]LSP | DSP | TSP
[¢3 e y "/
B L+ |/ | o Loc Nf.sp]pspTeEP
) \ =P )
. \ . T-stack
—l N i“
TAG, SIGN
ZERO,EXP
LNGLZ PTR
ADR REAL
TAG, VALUE
NL JLocpspfrsp 2
LsP DSP ADR INTEGER
=
L-stack D-stack
LOC: location of multiplication or division
instruction or location of loop entrance
N : loop indicator (=0 if the nest level of
Loc =0)
LSP: a stack pointer for the |.stgck
DSP: a stack pointer for the D-stack
TSP: a stack pointer for the T-stack
NL : nestlevel of the loop
ADR: address of the saved variable
TEP: a pointer for the table entry
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#1. REHEROEZHS

NAME OPERANDS MEANING

ADD A,B,C C « A+B, and check the subtract error.
SUB A,B,C C « A-B, and check the subtract error.
MULT a,B,C C + AXB

DIV A,B,C C « A/B

MOD A,B,C C +« mod(a,B)

coMp A,B Compare A with B.

MOVE A,B B+« A

NEG A,B B + -A

ABS a,B B« [a}

CALL s call subroutine S.

RTN Return from subroutine.

BRANCH ce,L Condition branch, CC is the condition.
INCBR I,J,K,L Increment & branch I«I+J, branch if I<K.
CASE N,M,Lj,La, )Ly Branch to Ly, if NsM.

ENTER L Enter the loop, and save variables(L is the save list)
EXIT Exit the loop.
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RELIBIERALAEETH B,
SRS U 7o ISR R B O

il R AR s W
R e LT, Su— AR HFFORTRAN S — 7

-4 vy Ty L RFORTRAN ¥ v &

i
F2.,. A rararsLnKRES
Variable Recompu~
precision ltation others | total
arithmetic |control
MICRO
INSTRUCTION 1,763 319 1,521 | 3,603
COUNT

§—92 NXNFv—IHE

UTONyFev—sBBEFEZ SN (DK
HREADORE, (NERMEOT A5 BBt L2
S, MREBATFIC e VL MTE &R DT

BADRE.

CHEDMEEM L BT, BHEELIEL

3, ThoOMEL, BECRAEENLDIZ FO

RTRAN O EREE, 53 v /84 Vahi,
B1700 FORTRAN= ¥ ¥ T, MiiEIZ ‘u— A%t
2$21+ 2 FORTRANTitd L, FORTRANIZ ¥

NWASTHT V27 ba—FiZs

iz,

ZOEHDILA TV b - FLEDAELSE S
TVwd, V=R 70T FALALRVTDRTF v T
DEHPEZY 7 2T OEEEOREFELEKRT 5,
18T LI T4 <5 v Fa#BDOMETIE, B1700
FORTRAN < ¥ ¥ D IE ) A#IGEIFHER LD 7 —
FHAZHEVRATRY, L, TRT VY FDOE
=AMLl B 3, F—8H A4 XITKRELE
Wik %< %5,

5—8 RITHBECRE

FAUEROKERERT BICHEEKR T,
MDA T Y FOMEF+45%2 56, £28-
THROEBEFEShTRS, LAL, EXROF
ORTRAN< ¥ v Tl¥, BEHFELC T3, b L,
HEHELHILEO DO TR E STV LRI R,
EHIIKREBRESFNEL 2,

4. FITrERIE B

Execution time (sec.}

B C
a b a b

Adaptive
comguter 0.0299 0.0128 | 0.0289|0.0413 | 0.3206

§6§§g§§ 0.0316 0.0430} 75.7 0.1433 j0.9633

mac

ratio*|{| 1:1.06[ 1:3.36 | 1:2619|1:3.47 {1:3.00

A

*Adaptive computer : B1700 FORTRAN machine

Relative errors

%3, V—AI—F, A7V ba—-F¥H S =
= Y = = == A
CESRHERTUEL T4 X&2RLT a b a b
N = o . Adapti 5
W3, ESEEERTIE, BEELORELHS machine | ° 0 0 0 Joipad
- .y . BI700 - - = -
EIRTRAIVBELZVWOT, V—AI— FOKE FORTRAN 0 [0.36x19% 10.63x195|0.22x17%026x167
X12B1700 D FORTRANIZHNTESLITTH 5,
®I . NYFT—TTRATFTLDRE ég_fr":—d_gﬂ;% =
SIZE OF SIZE OF SIZE OF
SOURCE PROGRAM OBJECT PROGRAM DATA
(steps) (bytes) (bytes)
B B B c
A c A c A
a b a b a b a b
Adaptive
computer 3 17 17 10 73 | 232 232| 140 186 765 1,498 | 1,659 | 11,854
B1700
FORTRAN 6 17 | 380 35 99 | 248 |4,453| 729 54 72 1,206 243 729
machine

A : quadratic equation(18 digits)
B-a: Taylor series (18 digits)

B-b: Taylor series (32 digits)

C-a: simultaneous eqg. (4-th,18 digits)
C-b: simultaneous eg. (8-th,18 digits)
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BOFEAYE, 1AOSYy 7 Sy 2 Uk
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%%Lt&a£<®x&—xéﬁ¥tbﬁﬁot
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’)h’(#ﬁ-’,l ELDAR—APFRBBEII L o7,
LZah =T, BISHEERY, REFER R
CEI)ZB—EHOHBEIZLVBEL TWS, #EiE
BFERGE, EBMOBE CEMLER YR T
BBV LE2DME*RET 27235,

E5. SETEMIINT Sy b5y
BFRUEEBDA — /=~y FEFH

B C
A
a b a b

overhead tim
S total time ™} 1.75/9.48 |5.56

5.71 | 5.30

#6. BitHDLODRA Y v 7{EFHR (bytes)

a B C
a b a b
D-stack 0 35 35 | 2,214 } 23,522
T-stack 87 464 638 1,015} 7,830
L-stack 10 10 10 210 730
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