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The RELAPSMOD! is a large thermal-hydraulic code to analyze LWR
LOCA and non-LOCA transients. The code originally was designed for use
on a CBC Cyber-17G6. This report documents vecltorization of the
RELAPS,MOD! code conducted for the purpose of efficient use of VP-100
{peak speed Z20 MFLOPS, clock pericod 7.5 ns) at the JAFRI. The code
was vectorized using the junction and volume level parallelisms in the
hydrodynamic calculations, and the heat-structure and heat-mesh level
in the heat conduction calculations. The vectorized version runs as
much as 2.4 to 2.8 times faster than the original scalar version, while

the speedup ratic is dependent on the number of spactial cells included

in the problen.
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1. INTRODUCTION

Recently, much attention has been given to vectorization of
qomputer codes 1n order to make an efficient use of high-psrformance
vector computers. In this report we will describe an experience in a
vectorization of the RELAPS/MCDI codel'using the FACOM VP-100 pipelined
veclter supercomputer?' .RELAPB is a light water reactor (L¥R)} system
transient analysis code which was developed at Idaho National
Engineering Laboratory (INEL) for the U. S. Nuclear Regulatory
Commission. The original version of the RELAPS code was designed for
use on the CDC Cyber computers. And the code was converted for use
on an IBM compatible scalar computer FACOM M-380 in Japan Atomic Energy
Research Institute (JAFRI). Since the VP-100 has the same scalar
afchitecture as the M-380, the present vectorization was made using the
M-380 version.

On vector computers, arithmelic operations are perfornmed as a
sequence of vector instructions. The parallelism then eguals the
vector length.

The RELAPS code has been run on vector computer CRAYSB, and in
fact a recent version of the RELAPS/MODZ code is being developed for
use on CRAY and IBM compﬁters in addition to CDC. But to date, no
attempt has been made to speedup the RELAPS code by vector processing.
On the other hand, there existed an approach to another large scale
transient analysis code TRAC to a parallel computer architeoturea.
There, although the TRAC code was found to have potentially high level
paralellism, the implementiation was abandoned because effective
parallelism could not be expected in the present code nesting scheme.

As is fhe case for the TRAC code, RELAF5/MOD! also has potentially

a high level parallelism of spatial cells: the ccde spends much of its
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time looping over the individual spatial cells, i.e. volumaes or
Junctions, and heal-structures and heat-meshes. Moresvar, compared
with the TRAC cods, the RELAPD code seems to be rather restructurable
to permit the processing of full cells in parallel. But the present
code includes several coding siyles which are not suited for vector
processing.
. DO loops containing many conditional statements (IF... GO TO ...),
. DO loops containing function calls for CLC packed-words,
undesirabile code nesting schomes {(e.g. nested DO loops of the
components and their junctions, and heat-structure-wise subroutine
calls).

Altheough above coding style would not lead to the most efficient
vector versicon and & considerable reprogramming effori vas expected,
JAERT decided to vectorize the RELAPH/MID1 /018 code for use on VP-100.
The reascns were that the the RrLAPD code used ag nmuch as 14 % of the
total JAERI CPU time {1800 hours) on FACOM M-3830 during the 1983 fiscal
year, and that the ROSA group in JAERI plans to use the RELAFS code
extensively for further several years. Namely, the specdup of the
RELAPS code by vectorization was very important for éfficient uge of
JAERI computers. It also seemed to be promising to vectorize the RELAPS
code, because the FORTRAN compiler of VP-100: FACOM FORTRANT?/VP‘5
(hereafter referred to as VP-compiler) has higher vectorizing
capability than the previous vectorizing compilersﬁ. It auvtomatically
vectorizes the FORTRAN statements in a DO loop with IF statements.

Consequently, 3! subroutines (10,000 FORTRAN statements) out of
the total 250 RELAPS subroutines 80,000 statements) were reprogramed
for vectorization. The vectorized RELAPS code version has run on
VP-100 by a factor of 2.4 to 2.8 faster than the original version on

M-380, whereas the two computers have the same computing performance in
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the scalar mode. The speedup ratio will depend on tha numbs
spatlal cells baing run.

While the solution schemes were unchanged throughout the present
reprogramning, the results obtained from the vectorized and non-
vectorized versions have shovn slight differences in the temperatures
and mass flows, whereas good agreement i1s obtainaed between pressures
calculated by the two versiong. In fact, it was found that the
fransient calculation is very sensitive to the small change in the
order of arithmetic oparations. This reordering 1s made by the
VP-conpiler to obtain the optimum vector instruction stream.

This report presents an overviev of VP-100, a summary of the
RFLAPS code’' s dynanics, the vectorizing methods employed, the
vectorizing effect on the computing speed, and numerical sensitivity

study on the effect of vecter processing.
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2. FACOM VP-100 OVERVIEW

The FACGH VPuIOOZ 1s manufactured by FUJITSU, Ltd. in Japan. Ths
VP-100 1s a compuier with a CRAY-like vector architecture added to an
IBM compatible scalar architecture. The architecture overviev ig showmn
in Fig. 2.1. The clock peried of VP-1C0 is 7.5 nano seconds. The
theoretical maximum computing speed of the VP-100 is 290 nmoza floating
operation per second (MFLOPS) since two kinds of arithmetic pipelinss
work concurrently and produces tvo results for each clock period,

The standard FORTRANTY language is used for progzramming. Only the
vectorized statements are exscuted by the vector unit of VP-100 and the
other stalements are executed by the scalar unit.

Unlike previous vectorizing compilers, the VP-compiler can
automatically vectorize DO loops even 1f IF staltements are included
To vectorize the FORTRAN statemsnts in a DO loop with IF statements,
the VP compiler uses one of three methods depending on tha IF
statement’'s destination coding. These methods are as follows:

masking operation, for ordinary cases.

gather/scatiler wethod, for the cases where the true rale of a IF
statement 1s low,

list vector method, for the codings including a lot of arithmetic
operations which require frequent memory accessas.

The list vector method is provided by the compiler to facilitate
vector indirect indexing:

ATy, I=1,2,...,IMAX,
where the integer array
LI, I=1,2,...,IMAX
is called "list vector”, The list vector also can he defined

explicitly by the programmer. Thus VP-100 has a vectorizing capability
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for intervening vector elem=snts, even if the indexed veclor elemonts
designate an identical location while some memory access confiiction
might occur.

The Programmer can give several messages for the VP-compiler to
help its efficient object code generation. Typlcal of them is an
indicaticn of tha branphing rates for a IF statement. Anothesr very
useful message 18 to assure the data independency (no recursive
relation) betveen the vector elements referred in a DO lcop, even when
the list vectors are generated by the VP-compiler. Indication “scalar”
is also possible when poor vector efficiency is anticipated. These
indications can be given for each module, each DO loop, and each

statement according to the computational situation.

I Mask registers f—t
| e
: Add/Logical

. ]

'{{ LoadStore )=
Vector reglsters ' Multiply i

Memory | |
32KB !

32MB |
t—{ [.oad/Store .
Divide

I
1
'
1

If

1

1

]

Vector unit
1

Buffer registers General registers Scalar
64KB Floating registers arithmetics

Channel Scalar unit

Fig. 2.1 FACOM VP-100 overview
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3. DYNAMIC BEHAVIOR CGF RELAPG,MODT CODE

RELAPS MO0 1s a code designed for analysis of LWR thernal-
hydraulic behaviors during postulated loss-of-coolant accidents {(I0CAs)
and non-LOCA transients. The code 1s based on advanced tvo-phase
hydrodynamic models. The code consists of 250 subroutines including
the envircnmental reutines. QOut of the 80,000 total statemsnts, 47,000
statements are executable. |

The ceode’'s basic field equations consist of mass, momentum, and
energy conservaltion equations for each of the vapor and liquid phases.
The equations are solved by a finite difference algorithm using a
volurne/junction stazpered spatial noding and a donor cell method: the
iass and energy equations are defined on the voluwme cells while ths
ﬁomentum equations are defined on the junction cells as shetched in
Fig. 3.1. The sclution schere is partially implicit and also linsar
with respzct to the dependent variables. The resulting matrix 1s
reduced to a sparse matrix in terms of only pressures and solved by a
direct algorithm.

In a transient calculation, most of the RELAPS commuting time is
spent in the transient subroutines. The names of such subroutines,
number of statementis, number of execulions, and time cost ratio (%) are
represented in Fig. 3.2 in the order of time cost. This result was
obtained from an analysis of a job on M-330 by using a FACCOM software
tool FORTUNE. The analyzed problem was a 100 szcond (real time)
calculation of ROSA-III 5 % break LCCA test using Noding A: — 114
Junctions and 107 volume 7 The ROSA-ITI. located at JAFRI, is a
volumetrically scaled (174245 BWR simulator with an electrically heated
core.

The FORTRUNE analysis characterized the RELAPS dynamic behaviors:

i6__
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Block diazram of the transient calculation and time ratio of the
computational blocks are shown in Fig. 3.3, Contents and timz ratio of
the transient subroutines in the order of computation are show in the
first three columns of Table 3.1. Here the subroutine name renresents
the subroutine entry names and the computing time may include the time
spent in its slave modules. In these figures and table, the Lime
ratios are defined as the timg fraction of a subroutine (or a
computational block} to the total CPU tine,

It 1is s=en in Fig. 3.3 that the code spends more time in
evaluating the coefficients in the basic equations than in the solution
of equations. DUnlike other large nuclear codes, the computing time of
the RELAPS code is distributed over a large porticon of the code.
Accordingly,. the 28 transient subroutines were reprogramued to
accelerate calculation by vectorization and another two subroutines
were reprogrammed for scalar level optimization. The reprogrammad
subroutine names are marked by e in Fig. 3.2, The reprogranumsd portion
consists of 10,000 statements corresponding to 17 % of the total source
statements. Nearly 81% of the computing time was spent in these

subroutines in the analyzed M-380 scalar calculation.
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ND. ROUTINE LINES EXECUTIQNS ihﬂe tgs7 % L A 1+ I
0001 ® STH?X6 650 3750136 4069672345 10.8 [ AN R A AN AT A L XTSI AN RAALLE LK
STH2XF 1470135 i
0002 ® VEXPLT T2 42147 Jp6TEBEH 23 8.7 R R R MK AN LR AL XX LT NA TR LR KK
Q003 & FRICTF 132 8384548 3057175321 8.1 e P P P R s Tt I s I ITI S
0004 » YOLVEL 460 42147 2467435315 6.6 [ AR EXEA NN E AR AT RN
0005 & STATE 3635 42616 2394483411 6.4 I R R NI KA REEE XX AR AL NK
0006 # JCHOKE 1045 42147 1573721947 4.2 [xrxxyxrxrsxcrEeyxwsr
0007 e PRESEQ 524 42147 1572350320 4.2 IJrsexxxxxxxxXTERETES
0008 » MADATA 256 1616732 1478198725 3.5 I¥xrxxkxxrTXCXRLLLXN
8009 » PMIHNVF lag 42132 1463275580 3.9 JexytxaxxxexerXTXRL
0010 ¢ FIDRAG 529 42147 1393285631 3.7 XX EKAETXAATEXERT
0011 & STH2XO 32 9172811 12456758482 3.3 IEXEEEXARE KT N K
0017 # EQFINL 478 42147 1150134850 3.1 [EEXRXEXEXXXKTKX
0013 ¢ HTITOP 420 1616200 1143178665 3.0 IXETAXRTXKXRXE
0014 & STH2X3 385 1637291 1601048324 2.7 Ixxxxxxxszrss
0015 o STH2X1 235 111298 937308199 2.5 [xzxxxxxxxux
STH2XB 2354427 I
STH2X?2 98 Tl
0016 ® FWDRAG 502 42147 879479341 2.3 Jzxyxxuxxxex
0017 & JPROP 444 84294 870919353 2.3 lZTwrvaxxxx
0013 & VISCOL BO 5078263 832835066 2.2 Ixxsexrwexx
0019 & HLOSS 533 42147 8327336566 2-2 Jxwexxxxzxx
002G & DTSTE?P 640 42148 586566649 1.6 JExxwxxx
Boz1 7 HTRCU T 482 1616732 326177889 ~ 0,9  lszxx
0022 & VISCOG 73 5011897 325773122 G.9 Ixxxx
0023 » MBOT 312 42147 JiT20B128 0.8 lexx
024 PMINVH 155 42147 287291879 0.8 [zzsx
Q025 ¢ HIFLOW 493 42147 269092358 0.7 Jxxx
0026 SYSsoL 327 42147 266310438 0.7 Ixxx
0027 POLATS 59 5375300 234331588 0.6 Ixx
0028 A VFINL 262 42147 233043181 0.6 Txx
0029 NATCIR 261 1590032 2307994670 G.6 lxx
0030 - FIBUB 42 1151721 220964972 G.6 Ixx
0031 PREDNE 360 781432 186107824 0.5 Ixx
0032 REYFAC 52 688932 176366592 0.5 Ixx
0033 ® HTCOND 304 1616732 167248614 0.4 I=
0034 THCOHN 79 5744299 153636087 0.4 I=
0035 FIARK 36 988590 153243810 0.4 I=
0036 & HTADY 231 42147 151562213 0.4 1x
0037 CHFCAL 509 781432 131707330 0.3 I=
0038 POOLNB 314 710053 124515772 0.3 1=
0039 FICALA 127 1693658 119719519 0.3 1=
Q040 FIDIS 42 568193 108561034 0.3 1=
0041 CONDEN 242 360423 103444339 3.3 I=x
0042 PSET It 3749748 . 100864008 0.3 [x
0043 PMINVR T 57 . 42132 93572217 0.2 T 1
0044 SUPFAC 41 781432 74236040 0.2 1
0045 ® MOVER 298 42148 645175615 0.2 I
0046 FISTR 71 170752 47329827 0.1 I
004z IAPACK 13 548384 41580656 0.1 1
1APICK 1366938 1
0048 FLO¥02 &4 1712148 39393801 ¢.1 1
0049 TIMSET 25 1 IB62071G 0.1 I
TIMEL 4031920 I
TIMER 41679 I
goso SHIFTI 8 14536254 29072508 0.1 I
4051 DITTUS 182 408660 25731037 0.1 I
0052 SECOND 13 4073600 26441600 6.1 1
D053 PUNP 392 168588 23689691 0.1 1
3GS54 ISHIFT 9 10990493 21680986 0.1 I
0055 PSTONB 494 83503 21774282 0.1 I
0056  MOVE 21 1616505 16440381 — 0.0 177
3057 PUMP?Z 399 185434 16691598 g.0 I
0058 TSTATE 14725 52147 12559806 0.0 1
0059 TRIP 186 41678 12070273 0.0 1
0060 INP10 120 bi) 10123253 0.0 i

. vectorized module

Fig. 3.2 FORTUNE time cost of transient calculation for the 100
Sec. ROSA-III 5 % break analysis (Noding A)
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( Start )

Next time-step
\ 0.051

[Set time step and trip conditioné}

0.180

A
Compute heat transfer
and heat conductions

l/ 0.242
' |

Compute constitutive relationsl

0.205
W

Compute Special process modelf

0.188
Y
Solve final equations

and final state qualities

0.136
\

Compute state relationships

\ 0.0 {(not selected)

Compute reactor kinetics

( Stop )

Fig. 3.3 Block diagram and time ratios of transient calculations
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Table 3.1 Entry routine name of transient calculation bloclk, contents,
time-ratio, vectorizad rate, vector length. and computing times of
three runs (100 Sec. ROSA-III 5 % break analysis Noding A)

Entry | Contents Time [Vect.|Vect. |Scalar| Vector| Vector |
point name ratio lrate |length| M350 | M380 | VPIGO
DTSTEP Time-step control and 0.0497: .35 V=107|242.4si DB8.4s| 30.1s
set time-siep J=1141 1.0y (4.2) B.1;
STATE(Q) |Compute state eguation 0.0 0.0 0.1 0.1 0.0
for reset calculation 2.3
TRIP Test and set trip 0.00131 0.0« 6.0 6.6 6.0
conditions (1.0 (1.0 (1.1
HTADY C=t heat transfer rate and|0.0677 0.70[ H=401323.8 [259.8 [ 138.0
heat structure advance i M=2850 (1.03 (1.3) &.4)
HICOND Get boundary conditions O.1124i 0.0+ 84T, 1420.0 [428.0
| (1.0 (1.3 (1.3
STATE{-1){Compute state equation or j0.0032; 0.0= 12.5 15.7 14.8
time dependent volunes (1,03 (1.0 (1.063
JPROP{0 ;7 |Get donored properties 00303 0.877 I=8a 115061 71.4 1 41.1
~114f (1.0 2.1 (3.7
VOLVEL Calculate average volume |0.0529i 0.80f J=88 [257.¢ | 80.1 24.9
velocities (1,00 (3.23 (10.35
MDOT Compute mass transfer 0.0187{ 0.90] V=50 | 90.8 | 28.3 | 11.9
betveen liguid and vapor { ~107 1 .ol @1 (7.3
FIDRAG Compute interface drag 0.0891 0.45; V=08 1434.7 1152.9 | 122.7
' terms PJ=114) (1.0 (2.8)] (3.5)
HZFL.OW Compute horizontal flow 0.02270 0.481 J=33 {111.7 : B1.8 | 48.8
114D (1.0 @e2sl (2.3)
FWDRAG Compute wall drag terms 0.0473F 0.99; V=22 {230.3 1203.4 § 68.7
faod ] d.o! a1y 3.4
HLGSS Get heat loss due to 0.0136] 0.80: J=30 | €68.4 | 41.1 | 38.0
abrupt._area exchange 3 .o da.en a7
VEXFLT Compule choking theory 0.1400] 0.87: J=50 |682.5 1413.0 |176.3
and explicit velocities o114 (1.0 (1.7 (8.9
JPROP (1) EGet new donored properties 0.0291] 0.87. J=83 {141.9 | 63.9 42.6 |
- P g14 10y @2 (3.3
PRESFQ Load pressure matrix 0.0725; 0.81. V=83 3532 90.2 ] 33.3
o J=1141 (1.0) (3.9) (10.6)
SYSSOL |Solve matrix for change 0.05917 0.15. V=03 [288.2 [179.8 {172.4
10 pressure * 3081 (1.0 (.83 (.73
VFINL Get final velocities 0.0183] 0.99! J=114] 79.4 | 19.1 5.2
, : (1.0 (. 1) (15.3)
EQFINL iGet final energy and 0.03¢8] 0.55 J=114]1183.1 ¢+ 67.3 | 43.0
‘mixture density. etc. V=081 1.0y 2.9y (4.5
STATE (1) |Get new thermodynanic den- 0.1355 0.85; V=30 {850.7 :846.9 {Z273.3
sity from state eguation a3 (1.0 (1.0)1 2.4
RKIN Advarnce space independent i 0.0 0.0 - - -
factor kinetics
CONVAR Advance control variables{ 0.0 0.0« - - -
over a time-step
Total 8IM315]48M0SS | 28M58s
(1.0 (1.8} {2.8)

% not vectorized, ( ) speed-up ratio
Requested time-steps=28000, Components (C)=58, Junctions (J =114
Volumes (V3=107, Heat structures{H)=40, Heal meshes (M =265



JAERI—M 85 —1040

4. VECTORIZING METHEOD GENERALLY USED

4.1 Introductory remarks

Althougzh the FACCM VP-100 compiler has a high vectorizing
capability, only a few existing nuclear codes have shown high
running spead on YP-100 without explicit rewriting of the codes. As
for the RELAPSMCD! code, even a liltle speed-down was cobserved when
the M-380 version was executed only using the vectorizing capability of
the VP-compiler. Thare all most no statement was vectorized.

The computing speed of a code on a vector computers can be
improved by lncreasing both the vectorized rate and the vector
efficiency. The vectorized rate is defined as the time fraction of
vectorized portion to the total time, while the vector efficiency is
defined as the vector to scalar speed ratio for the vectorized portion.
The vector efficiency is generally high when the following conditions
are satisfied:

long vector length,
. high arithmetic operation density in a DO loorn,
. reference to continuously addressed vector elenents.

However, the vectorized results of the RELAPS code tend to be
inefficient because of several troublesome problems appearing

throughout the code. The problems are treated as follows:

4.2 DO loops containing many IF statements

Data dependent branches appear frequently in the code, since the
calculational flow depends on the state of fluid. Although a DO leoop
containing. IF statements is autcmatically vectorizable by the
YP-compiler, the only low vector efficiency may be obtained due to the

resulting short vectors and multiply nested masking operations. The
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use of programmer -definad list vectors improves the vector efficiency
on the VP-100. Thus, such a DO loop was divided into scverszl loows
according to the destined sections of coding of IF statepnsnts, that are
Qither selected or skipped, while gathering the related 0O indices into

a list vector for each division as Lllustrated in Fig. 4.1.

4.3 DO loops containing user-defined subroutine calls

A subroutine call or functioﬁ call within a DO loop is a
vectorizing barrier, because in gencral each subroutine is compiled
separately and the compiler lacks the information required for anzalysis
of the called subroutine. There are two ways to vectorize such [O
loops:

If the called module {(1.e. subroutine or function) consists of only

a fev statements, the procedire of the called module is directly

written down in place of the CALL statement.

If not, the DO loop is restructured so that the individoal calls

are integrated into one CALL statemant and vectorized as a

procedure of the called module,

In the second method, the CALL statement must be isolated from the
DO locop. Becausz the CALL statemnent is generally not vectorized and
moreover it often obstruéts the vectorization of the remainder of the
coding of the DO loop for a precaution of data depondencies. In
particular, if the CALL statement is controlled by IF. the information
on lndices of vector elements must be transferred into ths invoked

module in a list vector form as an argument of the CALL statement {sze

Fig. 4.1).

Thus, the informations on X-indices are transferred in list

vector form from DO loop to DO loop and fram subroutine to subroutine,
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But the list vector generation procedure:

i=0

DO 10 J=1,JMAX
IF (AT ) THEN
I=1+1
L{I=B{J)

ENDIF
10 COMTINUE
can not be vectorized in the present VP-compiler. This DO loop will be

vectorized in the next VP-compiler version,

4.4 CDC packed-word

Packed-words are frequently used on COC computers to efficiently
use the CDC small memory by packing the flag bits and the small integer
quantities into B80-bit words., On the CDC computers, the packed-words
in RELAFD are largely handled by extended FORTRAM. But when the code
was converted to M-330 at JAERL, the code was rewritten to treat the
packed-vords with the assembler modules using function calls by virtue
of systematic code conversion. Since the VP has the sane scalar
architecture as the M-380, the present-vectorizationrwas made using the
M-380 version which included many function calls in DO loops. Table
4.1 shows the names and the number of executed times with respect to
user-defined bit-handling assembler functions and FORTRAN buillt-in
mathematical functions which are invoked in the present M-330 version.
It should be noted that the M-380 RELAPD code version spent a 15 to 20
% of computing time for evaluating the bit-handling functiecns.

The matheratical functions are automatically vectorized in VP-100
but the user-defind assembler functions (marked as @; are not,

therefore, all possible means were taken to decreagse the assenbler

function calls:
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Unpacl the steady items of &0-bit packed-words, store into
independent locations at the first time-step, and eliminate extra
bit-handling operations from the subsequent steps,

Convert each treatment of the chanzeable items to a veclorizable
form, for example, using hit-handling operations such as I0R, TAMD,
and INOT,

If the vectorizabhle conversicn is impossible, 1solate the treatment
of the packed-words from the original DO loopn.

In the third method, though the packed-words are executed in
scalar mede, the isclation is useful to avoid veclorizing barrier, i.e.
it may make the remainder of the coding compleiely vectorizable.

DO
DO |

Process A
Process A

Vectorize CALL, SUBi
CALL, SUR{ —_— I

By "
.

Process B Procoss | S
I .
CALL SUBZ Generalte list Generate list vector
vectors for for Process C
Process B and SUBZ2
Process D [

N

I L |
|

Process B

Process C

0

CALL SUBz2

DO
[:.Process D

|

Fig. 4.1 List vecter method applied for DO loops containing IEF statement
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Table 4.1 Name and execution times of the user defined assembler
functions and external FORTRAN functions invoked by
M-380 scalar version

No Name Execution times CPU time estimate
{micro sec.)
] CLOCKM 4115748
2 @ DABS 123483229
3 ¢ DADD 4211097 1.24
4 DAND 39778741 1.28
5 DARCOS 36
6 DATAN 0
7 DATE 3
8 (@ DBIT 345001170 0.98
g DCOS 36
10 DEXP 22610111
11 DFLOAT 20248
12 DINT 0
13 DLOG 26338876
14 DLOG10O 2097612
15 © DMASK 339901022 1,12
16 DMAX 1 133332462
17 DMINI 58725852
18 (@ DNOT 320269564 1.15
19 @ DOR 31869827 1.26
20 DS iGN 49607073
21 DSIN 170788
22 DSQRT 24316118
23 DTAN 0
24 ERRTRA 0
25 (ABS 66123
26 I AND 3808421
27 (© IDAND 311246760 2.14
28 IDINT 0
29 (» IDI8 18157878 :
30 @ INTD 15983284 1.45
31 I0R i 1546
32 IS1GN 17114844
33 @ LEQ 8986142 8.00
34 @ LGE 49636131 11.60
35 ¢ LGT 11365253 10.40
36 @ LLE 3378665 6.80
37 @ LLT 235958277 5.50
38 @ LNE 259193 9.20
39 @ LOCFW 283
4o MAXO 50662542
I MINO 227
42 MOD 45219
L3 g PMINV2 0
44 @ PMINV3 33551718
45 @ SHIFT 360601415 2.40
46 @ SHIFTD 0 TS
47 @ XOR 0 1.20

C)User-defined assembler.function
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5. REPROGRAMMING METHOD APPLIED TO TRANSIENT SUBROUTINES

5.1 Heat transfer and conduction compulabtion

This portion calculates the time advancement of the heat
structures and compuites the heat added to hydrodynamic veluwmes. The
time ratio of the heat computation is not high in the present ROSA-ITI
5 % break analysis. But, more time would be required for the problems
which have more heat slabs. |

The RELAPS code potentially has a heat-structure level
parallelism. The heat-structure loop was originally designed as an DG
leop in the entry point routine HTADV (see the left-hand side of Fig.
5.2). This heat-structure loop. therefore, must be transferred from
the outer-most position to each of the slave routines to allow the
véctorization to preoceed.

The temperature dependent thermal conductivity K and volumetric
heat capacity ¢Cp are constant for a material and established using
tabular data or functional data either built-in or user-supplied data.
But in the program these thermal properties are provided for each
heat-mesh peint. Therefore, vectors can be run on the full
heat meshes. An sketch of a heat-mesh layout is given in Fig. 5.1, In
order to calculate on all the heat-meshes simultanecusly. a doubly
nested DO loop of the heat-structures and their heat-meshes must be
transformed into a single heat-mesh leoop. And a separate DO loop was
generated for each data format for using the list vector method as
illustrated in Fig. 4.1.

The heat ftransfer equations, which are given by the systems of

tridiagonal equations, were solved on all the heat-structures in
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parallel by transferring the heat structure loop inte the individual
Gaussian elimination steps. Here the maximum heat-mesh number in the
heat-structures is assumed for each tridiagonal matrices, packing the
trivial values into appropriate positions (see Fig. 5.3}, so as to
yield an identical matrix-order.

The heat slab boundary conduction computaticn directed by the
subroutine HICOND takes 11 % of the total CPU time. But it was not
vectorized because the HICOND has too many slave modules (nearly 30
subroutines) which seemed to be hardly vectorized efficiently. As a
matfer of fact, the program contains very frequent data dependent
branches and subroutine calls in order to deal with many kinds of heat
slab boundary conditions. In this situation, only lov vector
efficiency can be expscted. Thus, reprogramming for this portion of
the code was made only to obtain scalar-level time saving by
efficiently processing the CDC packed-words.

Consequently, only the three subroutines HTADV, HT1TDP and MADATA
wvere vectorized considering the expected vector efficiency. The vector

version 1s given in the right-hand side of Fig. 5.2.

b.2 State relationship cpmputation

This portion evaluates the mixture thermodynamic density and other
paftial properties in terms of the state variables, pressure, energy,
and static qualities with an additional constraint for the temperature.

The phasic properties are obtained using water properties subroutines

STHZX's.

5.2.1 Subroutine STATE
The original calculation was controlled by.doubly nested DO loops

of the components and volumes. Since in generally only the inner most
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DO loop is vectorizable by the present vectorizing compllers and
individual RELAPS components typlcally contain from ! to 10 velumes
(cf . VP— compiler can analyze multiply nasted DO loops under limited
condition), this typs of double DO locps were restructured so as to
loop over all volumes. Then, this volume loop was divided at the point
vherever a vectorizings barrier was found. The typical barriers are
nested IF and CALL statements. Usuvally, the list vector method was
used to cope wilh such barriers. As a result, the program structure of
the STATE subroutine was entirely modified: The original loop was
decomposed into many small loops, each of which took charge of the
computation of one phenomenon of one state of fluid, executing in
parallel on the volumes specified by the list vector.

Since each DO loop thus converted included comparatively small
number of arithmetic operations and moreover uses data indexed by list
vectors, then high vector efficiency was not necessarily obtained.

From our experience in VP-100, the vector/scalar break-even point seems
to be no less than 25 vector—elements when indirect indexing mode 1s
used. Therefore, in the STATE subroutine, normal! volumes without air
were vectorized. And within the normal volumes, the specific
computations to which a short vector length is anticipated were not
vectorized.

The restructured method of the STATE subroutine is presented 1n

Fig. 5.4.

5.2.2 Subroutine 3THZXS

STHZY subroulines were also vectorized. These routines are
provided for ccmputing thermodynamic water properties of a volums using
steam table. In the original version, the STHZX's were called from the

STATE subroutine volume by volume. But in the vector version, the
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STHZX calls were rewritlen io be vectorized on the velumes within the
STHZX subroutine. Of all the STHZX subroutines, STHZXG is important
because the STHZ2X6 1s the most time-—consuming subroutine in all the
ARELAPE subroutines as seen in Fig. 3.2.

The STHERS computes temperature T and static qualities X, Xn, and
fluid state of a voluss IT (i.e. vapor, liquid, two phase, and etc.)},
given pressure P and phasic internal energy U as inputs. The
computation is an interpolation of the stean table. The fluid states
are defined as in IFig. B.D.

A fluid state-dependent procedure is used for evaluating the water
properiies: The input and cutput properties and the emnirical
correlations toc be used are dependent on the fluid state. In the
vector version, therefore, the water properties was evaluated using
seVeral computational blocks each of which applies to one fluid state.
Thus defined computational blocks of the subroutine STHZHS are given in
Fig. ©.6.

In order to vectorize the STHZXS subroutine, also the list vector
method was fully used. The list vector should be gen;rated before the
table search. Because the fluid state is determined after the steam
table search. BRut the table index search procedure was not vectorized
because of recursive coding. Consequently, the vectorized version of

the STHZXG are executed in the mode given in Fig. 5.7,

5.3 Hydrodynamic computation .
5.3.1 Introductory remarks
The hydrodynamic computalion discussed here covers calculations
of the constitutive relations, calculations for special process model,
and solution of the final equations; The computation proceeds.serially

from subrouiine to subroutine (and its slave’'s) in the order shown
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in Table 3.1,

The program structure is fairly suitable to vector processing
since the original nested DO loops can be converted to a sequence of DO
1oops of full junctions or full veolumss within a module. The list
vector method along with the BO loop separaticns was often applied to
remove the vecltorizing barriers. But as a whole, the compiler
vectorizing capability for IF statement was utilized almost in all the
subroutinas.,

The veclor lengths were found te be generally short for the
calculation of the special process models since the calculation 1is made
for the specific junctions. Besides, recursive algorithms were found
in places. Typical example was the use of bisection or Newton-Rapson
iterations for solvinz the local equations in subroutines HZFLOW and
HLOSS, The sclution of final global equations in subroutine SYSSOL was
not vectorized either, because of the recursive nature of the solution
algorithm. Some recursive relation was alsc found in a coding of
subroutine FIDRAG. These recursive relations wvere not parallelized to
prevent numerical differences. Since these portions were left
unvectorized, nearly 10 % of the computing time vas spent in the scalar

mode .

5.3.2 Restructure methods applied to hydrodynamic subroutines

Now, we illustrate in figures the restructure methods 1n use for
the subroutines which are directed by subroutins HYDED. Here, we
correspond the vector versions to the original ones in Fig 5.8 to Fig.
5.15 for the subroutines VEXPLT, JPROP, VOLVEL, HZFLOY, FWDRAG, PRESEQ,
VEINL, and EQFINL, respectively. As for the subroutines JCHCKE and
HLOSS, only the vector versions are bresented in Fig.'s 5.16 and 5.17,

respectively, where the JCHOKE is a subroutine called by the VEXPLT.
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5.3.3 Vectorization of bit-processing functions

Cne of the methods applicable to CDC packed-word treatments is to
use the vectorizable buillt-in bit-handling functions. As an typical
example, the method applied to the subroutine MBOT 1s described. The
MDOT copputes mass transfer between the two phasces and set ths flags on
or off depsndant on the condition. The flags are packed 1n a CEC
6C-bit word VCTR{I), where the variable I denotes the volume number.
The word VCTR{I) is a 84-bii word on M-380 and VP-100 (see Fig. 5.18),
and processed as a chain of two 32;bit integer words IVCT{1,1} and
IVCT2,1.

There were eight kinds of bit-handling procedures which needed to
be handled. The eight procedures which are treated with user-defined
assembler functions on M-380 were converted in the vector version as
follows:

(1) Get the flags f1 and 2
IFLG{I)=IAND(192,IVCT(2,I})

Here. the word IFLG{I) preserves the bit &6 to 83 of VCIR{I) as an

integer data.

{(2) Set 2 off and transfer 2 to fl

Bit operation of the flags fl and f2 is replaced to an assignment

statement of the integer variable IFLG{(I) as follous:

f1.f20ld) fl1.f2{nevw) IFLG{old) IFLGi{new;

i1 i1 192 1€2
10 11 - 128 162
01 00 64 0
00 00 0 0

{(3) Set 2 off and transfer fl to f2
Similarly.

f1.f2old; fl.f2(nev); IFLG(old} IFLG{new)-
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11 11 1892 12
10 00 128 0
i i1 &4 182
00 00 0 &

(41 Set 2 on

f1.f2{cld)y f1.f2{new) IFLG{cld) IFLG new)

1 11 192 oz
10 10 128 128
01 1o 64 192
00 0i 0 B4

(5) Set 2 off

f1.f2ld) fl1.f2{(new) IFLG{old) IFLG(nevw;

11 01 192 64
10 CO 128 0
01 01 64 64
00 00 0 0

(6) Set VCTIR flags
N1G2-ZFFFF3SEF (hexadecimal data)
IVCT (2, 1=10RIFLG{I), IAND (N192,IVCT (2,1))
¢set f1 and 2 off'>»
(7) If gl is on?
TF(IAND {1, IVCT2.1)).NE.O)
(8) If f2 is off?

IF(IVCT(2,1).1E.128)
5.4 Vectorizing rate and vector length

The vectorizing rates and vector lengths of the entire transient

subroutines are shown in the fourth and fifth columns in the Table 3.1.
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heat-~mesh
I/ K{material boundary (K, pCp are constant}

| | | |
(J) (o] T o] o Q O o (|3

1 2 3 . . . . . m
Lef't Right
boundary boundary

Fig. B.1 Heat-structure model

a; by ¢z tz q; n

o ('3*"' tm Qo
0 10 1 1 H systems
01 1 1
Adjustment of matrix-order n 4' o _“ ‘ - i

(H: number of heat-structures)

Fig. 5.3 Parallelizing method for tridiagonal systems of eguations
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Original scalar version Vector varsion
& Heat-structure loop {40) — Locp over all the-heat meshes ( 285)
{subroutins HTADV)
—Heat-mesh loop (0~8) Generate list vectors for each
_ treatment of the thermal properties
— Loop over the heai-meshes treated
in tabular form { 2657
>
Computie heat capacities /,/// L
Compuie K, P£Cp —~ Loop over the heat-meshas treated
(subroutine MADATA k in functional form { 265;
L N N

l_

Heat~structure loop (40
— Left and right boundary loop Left and right boundary loop
2 ( (not veclorized) {29

Get left and right boundary heat conductions
{subroutine HTCOND“_

— Heat-mesh loop (3~10) — Heat-mesh loop (10)
o r-Heat—structure loop (40}

Get heat fluxes for heat-meshes

{Solution of a system of (Systems of tridiagonal equa-
tridiagonal eguations) tions are solved on all the
heat structures in parallel)

r—Heat—structuré loop (40

Get volume averaged temperatures

Heat-structure loop {403

Store heat transfer informations

L

~

x

( ), iteration number or vector length

Fig. 5.2 Restructuring method for heat transfer model
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—— Component loop

— Volume loop

Get the state
without air
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" Vector version

—— Component loop
Volumz locp

Generzate list vectors

— Accumulator volume loop
(not vectorized)

Get accumulator state

Locp of the volumes with air
{- (not vectorized)

Get the state with air

—

Generate list vectors for
individual flow conditions

—Single-phase volume loop
Get the single-phase state

Generate list vectors for
succeeding computations

—Two-phase volune loop

—Vapor saturated velume loop

—

—Liquid saturated volume loop

Fig. 5.4 Restructuring method for state computation

— Loop of the volumes without air
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Liquid
x = 0.0
IT = 0 {ex. STH20S)
IT = 4 (STH205)

l
S

- —— it =t

1

Yaper

x=1.0

Il =

Yarpor
X
IT
IT

[ Y - gyt

4

CTPitical Point

—

273.18

Fig. 5.5

£§47.20
Temperatura {X]

Definition of state, quality, and IT

1073.13
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{1} Search index of steam table for each P
{(2) Compute saturation temperature TSAT for each P

{3) Search index of steam table for each TSAT

If state of the volume

\
4) )
Compute two phase water properiies Search index of steam table
by the interpolation from steam table in single phase
N
{8) {7 8) Q)
Compute vapor Compute liquid Compute vapor Compute vapor
properties properties properties when properties when
the temperature the pressure is
is lower than lower than the
the critical line critical line
y v

Fig. 5.6 Block diagram of subroutine STHZXE

1) — @2)— @) — {d) — B)— IFlL.. ) B)~T)— B8)~(E)

Scalar Vector Scalar Vector Scalar Vector Yector Scalar

Fig. 5.7 Block-wise calculational modes in STH2X6
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Original scalar version Vector version

Volume loop — Yolume loop

Initialize mass, energy, and quality convective terms

L
— Component loop — Component loop
CALL PUMP CALL PUMP
~Junction loop (Junction loop

Get the volume indices connected to junction i

L

— Loop over all junctions

Wall friction, convective terms, and head loss terms
IF time dependent junction, skip the momentum equations

Junction loop

=

Solution of sum and difference momentum equations
for velocity of liquid and velocity of gas

-

Loop over all junctions

-

Dissipation terms for energy equations

-

Loop over all junctions
{not vectorized)

SOURCE(KX) = SOURCEXX) + ......

Compute explicit velocities from momentum equations.

Fig. 5.8 Restructuring method for subroutine VEXPLT
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Original scalar version Vector version
— Loop over all junctions If (first) then
Loop over all juncltions (scalar)
Get cell index of volumes connected to junction
Endif
If (ICHOKE.NE.1) then
— Loop over all junctions

Calculation of junction values of cell quantities

Else

— Loop over all Jjunctions

Calculaticn of junction values
of cell quantities

Endif
— Loop over junctions

... DSQRT( ) ...

— Loop over junctions

Calculate junction values of cell quantities.
Donor cell values are used.

Fig. 5.9 Restructuring method for subroutine JPROP
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Original scalar version Vector version
r—-Loop over all volumes If (first) then
Generation of list vector

Endif

Initialization Initialization
—— Loop over volume INLET — Loop over volume INLET junctions

and OUTLET junctions

—Loop over volume INLET junctions

Compute the sums looping: Compute the sums looping over
over the junctions | the Jjunctions

Compute the ARAT terms Compute the ARAT terms for use
for use in HLOSS in HLOSS

—Loop over volume QUTLET junctions

Compute the average terms

— Loop over volume CUTLET junctions

Compute the sums looping over
the junctions

Compute the ARAT terms for use

in HLOSS
. Compute the volume average Compute the volume average
terms terms
— L.oop over Jjunctions If (first) then

CGeneration of list wvector
Endif
Loop over junctions

Compute the time dependent volume velocities

|

Calculate average volume velocities by averaging
the average junction velocities IN and OUT of the volume.

Fig. 5.10 Restructuring method for subroutine VOLVEL
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Original scalar versicn
r—-Loop over all volumes

— Loop IT=1,16

— Loop IT=1,17

——Loop over all junctions

Calculate the extra term

fractions

Vector version

— Loop over all volumes (scalar)

Loop IT=1,186
{recursive calculation)

Loop IT=1,17
{recursive calculation)

If (first) then

Ceneration of list vector

Endif

[—-Loop over all junctions

in difference equation

|

Loop over junctions

Set stratified flow flag for calculation of donor volume

L

Horizontal flow claculation

Fig. 5.11 Restructuring method for subroutine HZFLOW
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Qriginal scalar version Vector version
— Loop over all volumes — Loop over all volumes
Initialization Initialization
— Loop over all volumes If (first) then
Generation of list vector

Endif
Loop over all volumes

Liquid, vapor mass flux and velocity
Liquid, vapor reynolds number

.....

" —Loop over volumes
LW DLOG( )

r—Loop over volumes

Liquid friction factor, vapor friction factor
L
r—Loop over volumes
Two-phase co-current flow
Liquid alone friction factor

L DLOGC ) ..
Vapor alene friction factor

... DLOG( ) ...
Liquid wall drag coefficient
FWALF (I)= ...
Vapor wall drag coefficient
FWALG{(I)= ...

L

Calculate the wall and interphase drag terms

Fig. 5.12 Restructuring method for subroutine FWDRAG
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Original scalar version Vector version

Zero out coefficients in the pressure equation

— Loop over volunes If (first) then

Generation of list vectlor

Endifr
(-Loop over volumes

Loading of general terms into matrix that are variable

[

If (first) then

r—-Loop over all cowmponenls
— Loop over all junctions

Get cell index of volumes Generation of list vector

connected to junction I

Endif
—Loop over all junctions

Loading terms in the pressure equation that come from cell
edge flux terms.
Coefficient and source term in cell L,k equation from

Jjunction 1

I—Loop over all junctions {scalar)

Subtract junction implicit convective terms from the LTV,KIV
rov to volume COEIP coefficient

(recursive calculation)

The pressure equation is obtained by substituting the momentum

and energy equations into the mass equation. ‘
The pressure equation has the form COEFP (I, J)*P{J)=SOURCP(I}

Fig. 5.13 Restructuring method for subroutine PRESEQ

Original scalar version
— Loop over all junctions

Get cell index of volume
connected to junction I

Velocity calculation

I

Vector version

If (first) then

Generation of list vector
I

Endif

— Loop over all junctions

Yelocity calculation

Final velocity calculation

Fig. 5.14 Restructuring method for subroutine VFINL
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Original scalar version Vector version
— Loop over all junctions Loop over all junctions
MF= ... alphasrho*V WKME' ( )= ...alphatrhoxV

r—Loop over junctions (scalar)

Mass,energy,and quality contributions to cell K from Junction I
SOURCM (K )=SOQURCM (K )+WKNM {

SOURCE (K )=SOURCE. (K )+ ...

SOURCA (K )=SOURCA (K>~ ...

SOURCQ (K )=SQURCQ (K- ...

Mass,energy,and quality contributions to cell L from Junction I
SOURCM (L. )=SOURCM (L. )-WiKNM ( )

I (recursive calculation)

F—‘LOOp over all volumes Loop over all volumes

Compute the final density from the continuity equation
RHO (T )=RHOo1d (I )+SOURCM (L)/V (I}

Compute the final internal energy
U (T y=Uold (I +SOURE (L )/ (V{I }*RHO(I })

Compute the final air quality
QUALA (I )=SCURCA(L)/(V(I)*RHO(I))

Compute the final static quality and mass transfer

|

r—Loop over all volumes

Quality truncation with air present

|

Compute the final equations

Fig. 5.15 Restructuring method for subroutine EQFINL
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Loop over all junctions

Cheking test and set flag
(Vector, Time ratio of this part is 80 %)

Generate list vectors for two phase and subcooled
choking calculations

Flag=1 flag=0 flag=2
{(~2 %) (13 %)
Two phase choking Subcooled choking
calculation calculation
(Scalar } {Scalar)

Computation of choking theory

Fig. 5.16 Vector version of subroutine JCHOKE

~— Loop over all junctions
{(Vector, Time ratio is 60 %

If flag off, go to EXIT

Compute APDOWN, APUP, AT. ...

Generate list vectors for the single and iwo-phase calculations

— Loop over the junctions for single phase 0SS

(Scalar}
HLOSS ealculaltion for single phase

— Loop over the junctions for two-phase HLOSS
' {Scalar)
"HLOSS calculation for two-phase

Calculates void fructions at throat and downstream of an abrupt
area change and associated head loss terms

Fig. 5.17 Veclor version of Subroutine HLOSS
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«—IVCT (1,1 ) ————> <. IVCT2,] ) ———

0123 31 o6 63
VCTR (I) frl....|es
al al
r K
Not used flags for MDOT

Fig. 5.18 60-bit packed-word used in MDOT
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6. VECTORIZING EFFECT CN COMPUTING SPEED

The last three columns of Table 3.1 shov timing comparison of
RELAPS transient subroutines for the 100 sec. RCSA-TIT 5 % break
analysis (Noding A). The three computer runs are compared: M-380 run
of the original scalar version, M-380 run of the vector version, and
VP-100 run of the vector version. The computing time was reduced to 60
% on M-380 by the scalar level time saving. This scalar level tipe
reduction is largely attained by the elimination of ithe bit-handling
for steady variables. It should be noted that the M-380 scalar version
contained a 15 to 20 % over head time to deal with the CDC packed-
words. The compuling time wvas further reduced to 60 % of the scalar-
level reduced time due to vector-processing on VP-100,

- In addition to the 100 sec. ROSA-TIT 5 % break (Noding A), another
two problems: D00 sec. ROSA-III © % break {(Noding B) — 72 junctions and
64 volumes, and 450 sec., PWR loss-of -feedwater calculations were also
analyzed. The Liming comparison for the three problems is summarized
in Table 68.1. The speedup due to vector processing should increase
with the number of spatial cells being run. But, the spesedup ratic for
the PWR problem was less than expected. This is because that the
problem contains many heat slabs, whereas the heat conductien
calculation is not vectorized in the present vector version. The more
detailed analysis of computing times used by these three problems are
given in Tables 6.2 to 6.4, where the three combinations of versicn and
machine are also compared. It should be noted that the speedup ratios
are very much different between the subroutines, both for the scalar

and vector levels.
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Table 6.1 Timing comparisons for three problems
Problenms Spatial Scalar|version |Vector!version |Vector|version
cells Steps|M380 time! StepsiM380 time| Steps|VP100 im

{Ratio) (Ratio) {Ratio}

100S ROSA-TTI |C=58, J=114, 38014 8iM31S 38014| 4810938 380141 2aMB8s
Noding A V=107, H=4 (1.0 (1.8) (2.8)

i ! '

500S ROSA-ITIIIC=65, J=72 |111945 15EM31S  |111945] 871455 112718|63M223
Noding B V=64, H=-6 1.0} (1.8 2.4

450S'PWR C=129,J=194 | 10557] 45M233 10557 26M133 10350 18M085
V=187, H=82 1.0 1.5} (2.5
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Table 6.2 Transient timing comparison between the three running modes

SUBROUTINE
DTSTEFR
STATE (O}
TRIP
HTADV
HTCOND
STATE(-1)
JPROP (O
" VOLVEL
MDOT
FIDRAG
HIFLOW
FWDRAG
HLOSS
VEXPLT
JPROP(1)
PRESEQ
SYSsoL
VFINL
EQFINL
STATE(1)
RKIN

CONVAR

JOB CPU TIME

ROSA-11I RSBKD 100 SEC
NUMBER DF COMPONENTS : 58
NUMBER DF VOLUMES t 107 ¢ 98)
NUMBER OF JUNCTIONS : 114
NUMBER OF HEAT STRUCTURES : 40
CPUTIME OF RELAP-
====z=zszzzzssz==zz=s MIB) =2==================
----- ORIGINAL~=—=-= —~————————VECTOR======m=mm
ENTRIES TIME(SECY ENTRIES TIME(SECY RATIO
38015 242,442 38015 58.400  4.151
5 0.077 5 0.084 0.917
38009 4.484 38009 4.592 (0.9B4)
38014 329,858 38014 259,827  1.270
1520000  547.875 38000 420,020 1.304
38014 15.549 38014 15.702  (0.950)
38014  150.542 38014 71.436  2.108
38014  257.88& 38014 B0.073  3.221
38014 90,907 33014‘ 29.320 3.101
I8014 434,407 38014 152.943  2.840
38014  111.875 38014 51.835  2.154
38014 230.321 38014  203.437 1.132
38014 66.4C3 38014 41.105  1.415
38014  &B2.450 38014  412.990  1.652
38014 141.866 38014 63,865 2.221
38014 353.199 380154 §0.151 3.918
38014  288.199 38014 179.783 1.603
38014 79.382 38014 19.132  &.149
38014 193.061 38014 67.257  2.870
38014  456.710 38014 646.913 1.006
0 0.000 o 0.000 (0.0 )
o 0.000 o 0.000 (0.0 )
81:31.29 4L8:08.99  1.693
= CPUTIMECORIGINAL VERSION ,

= RATICQ

b

for the 100 Sec. ROSA-III (Neding A)

DENOTES A VALUE OF UNCHANGED SUBPROGRAM

m=======z3 YPI00 ===ss=====

--------- VECTOR({V) —==mm——mm
ENTRIES TIME(SEC) RATID
38010 30.198 &.628
3 0.019  4.053
38006 5.848 (1.109)
38009 139.098 2.371
38000  417.172 1.313
38009 14.972  (1.039)
38009 40.461  3.721
318009 24.628 10.471
38009 12.346 7,363
38009  121.811  3.546
38009 48.395 2.308
38009 47.974  3.388
38009 39.814 1.668
38009  180.921  3.772
313009 42.170  3.364
38009 32.850 10.752
38009 172.426  1.671
38009 S.138 15.450
38009 42.115  4.584
38009  275.530 2.362
0 0.000 €0.0 )
0 0.000 (0.0 )

28:50.43 2.827

M38Q) / CPUTIME{(VP VERSION)
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Table 8.3 Transient timing compariscn between the three running modes

ROSA-111 RSPED 500 SEC
NUMBER OF COMFONENTS : &6
NUMBER OF VOLUMES T84 (54
NUMBER ©F JUNCTIGNS : 72
NUMBER OF HEAT STRUCTURES : 26
CPUT i ME o¢
S==sSsssmss=s====z===z= M3IBO
----- ORIGINAL-==--= =~-———m=r=aYECTOR~-—————m—m
SUBRCUTINE ENTRIES TIME(SECY ENTRIES TIME(SEC)
DTSTEP 111946 406,003 111944 B2.673
STATE(O) 2542 22.666 2542 20.586
TRIP 109403 27.567 109403 26.584
HTADV 111945 634.628 111945 479,415
HTCOND 2910570 1145.718 111945 898,015
STATE(-1) 111945 37,449 111945 36.671
JPROP (0} 111945  269.884 111945  134.878
_.VOLVEL 111945  547.829 111945  140.789
MoaT 111945  156.883 111945 50.449
FIDRAG 111945 1094.362 111945 414,275
HZFLOW 111945  234.914 111945  119.262
FWDRAG 111945  390.087 111945  349.249
HLBSS 111945  226.527 111945 154,781
VEXPLT 111945 1270.090 111945  &98.289%
JPROP () 111945 242.629 111945 121.538
PRESEQ 111945  644.567 111945  140.349
$YSSOL 111945  481.586 111945  295.417
VFINL 111945 139,985 111945 24.913
EQFINL 111965  332.569 111945  1046.106
S5TATEC(D) 111945 1052.097 111945  949.881
RKIN 0 0,000 0 0.000
CONVAR 0 0.000 0 0.000
JOB CPY TIME 155:30.79 B7145.33
* RATIO = CPUTIME(ORIGINAL VERSION , M380)

x

for the 500 Sec. ROSA-IITI (Noding B

— 40 —

RELAP-G5

RATIO
4.911
1.101
(1.037)
1.324
1.298
(1.021)
1.972
3.250
3.110
2.642
1.970
1.117
1.445
1.819
1.994
4.592
1.430
5.619
3.134
1.108
(0.0 3}

(0.0

(1984

ENTRIES
112719
2875
109843
11é713
112718
112718
112718
112718
112718
112718
112718
112718
112718
112718
112718
112718
112718
112718
112718
112718
[

[}

f11/08)

TIMECSEC)
59.397
11.902
27.639

290.868
921.814
17,212
100.274
73.876
26.408
388.580
119.973
117,845
170.741
4z3.022
102.517
64.847
294.260
12.696
81.768
496.891
0.000

0.0490

RATIO
6.835
1.904
(Q.9973
2.182
1.265
(1.005)
2.6%91
7.413
5.941
2.816
1,958
3.310
1.327
3.002
2.367
?.940
1.637
11.026
4.067
2,117
(0.0

(0.0 1}

43:55.84

/ CPUTIME{VP VERSION}
} DENOTES A VALUE OF UMCHANGED SUBPROGRAM
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Table 6.4 Transient timing comparison between the three running modes
for the 450 Sec. PWR

SUBROUTINE
DTSTEP
STATE (D)
TRIP
HTADV
HTCOND
STATE(-1)
JPROP(O2
VOLVEL
MDOT
FIDRAG
HIFLOW
FWDRAG
HLDSS
VEXPLT
JPROPC(1}
PRESEQ
SYSS0L
VFINL
E@FINL
STATE(1)
RKIN

CONVAR

JOB CPU TIME

LPWR RSLPW 450 3EC
NUMBER OF COMPONENTS : 129
NUMBER OF VOLUMES 2187 (1a4)
NUMBER OF JUNCTIONS P 194
NMUMBER OF HEAT STRUCTURES ¢ 82
CPUTIME 0F RELAP -
=ms=ssszzssssss===== M3IB0 =======s======z=z==2==x
----- CRIGINAL--=--~ -=-===----VECTOR----------
ENTRIES TIME(SEC) ENTRIES TIME(SEC} RATIO
10558 Th.664 10558 26.776 3.014
1445 45.571 14645 47.319 0.963
8912 10.063 g1z 10.024 (1.003)
10557 192.%846 10557 147.259 1.311
B65&674 416,047 10557 340.252 1.223
10557 B.453 10557 B.5462 (0.987)
10557 71.793 10557 18.327 1.873
10557 126.045 10557 42.806 2.945
10557 47.153 10557 17.734 2.659A
10557 264,983 106557 106.979 2.477
10557 44 .554 10557 33,4546 1.930
10557 133.065 10557 123.479 1.076
10557 43,808 10557 32.037 1.347
10557 302.337 10557 179.509 1.684
10557 68.670 i0s557 35.404 i.940
i0557 171.486 10557 44.941 3.816
14557 135.112 10557 82.364 1.640
10557 38.078 10557 10.460 5.572
10557 95.6664 10557 37.482 2.552
10557 299.997 10557 304.884 - 0.978
0 0.000 ] 0.000 (0.,000)
8911 20.5546 8911 20.318 (1.012)
45:22.95 29:112.561 1.554
= CPUTIME(ORIGINAL VERSION ,

* RATIO

 (

- 4_1 i

ENTRIES
10351
1743
8607
10350
10350
10350
1035¢
10350
10350
10350
10350
10350
10350
10350
10350
10350
1035¢C
10350
10350
10350
]

B&04

TIME(SEC)

14.735
22.229
10.064
BG.394
331.419
8.237
20.630
10.358
5.559
B4.474
28.848
30.459
30.418
69.123
20.907
14.311
77.840
1.830
19.657

130.823

5.047

2.050

(1.000)

2.400

1.255

(1.026)

3.514

12.169

B.482

3.084

2.238

4.369

1.440

4.374

3.2B5

11.983

1.736

20,808

4.8B67

2.293

(0.000)

(0.996)

18:04.38

M380) / CPUTIME(VP VERSION}
} DENOTES A VALUE OF UNCHANGED SUBPROGRAM
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7. NUMERICAL SENSITIVITY

7.1 Introductory remarls
Intolerable mumerical differences were found between the
caleulational results obtained from the original cods run on M-380 and
the fully vectorized version run on VP-100 for the same input model.
This numerical difference vas foupd to be caused mainly by the
difference in computational orders between the VP-compiler and the
scalar FORTRAN compiler (i.e. the FACOM FORTRANT? compiler ). Because
the VYP-compiler opltimizes the order of operations for an efficient run
of VP-100.
Three types of optimizations were responsible for such
differences:
-.‘Floating point divigion is changed into the multiplication of the
reciprocal,
. Summation are executed using a vector macro instruction in a
parallelized computational order,
. The built-in mathematical functions are represented in different
approximate forms in the VP and scalar compillers.
Firstly, because the division calculation is one of the weak
points, the VP compilef avoids the division operation whenever

possible. Secondly, the FORIRAN 77 compiler execules the DO loop for

the summation:

in a serial manner as illustrated in the left-hand side of Fig. 7.1.
But this calculstion is not vectorized because of recursive relation of

the variable 3. 0On the other hand, VP-compiler evaluates the summation
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in a hierarchical monner as illustrated in the right-hand side and
makes it vectorizable. For this purpose a vector macro instruction is
provided for the VP-100. It should be noted that the vector summaiion
is used also for inner-product calculations. Thirdly, the use of
vector-criented approximate formula of the mathematical functions
DSQRT,DEXP, DLOG. and the power operations such as A44K signiflicantly
affects the RELAPD calculation results.

Mthough the code was revritien so that the original and vector
versions of the code return the same results when executed on the M-2380
computer, the vecter version run on YP-100 provided considerably
different results from these of the M-330 runs. Therefore, ve were
also reduced the nuimber of coding rewrites to avoid such differenées.
For example, the chanze of a division into a reciprocal multiplication
iﬁ subroutines STHZX s and FWDRAG makes a considerable difference in
numerical results. Thus, such change was eliminated wherever possible.
Similarly, the partial summations, to get the contributions of the
state variables from each junction to the adjacent volumes appearing in
the subroutines VEXPLT and EQFINL, were not vectorized. Therefore,
such summations were executed in the scalar mode.

Tn spite of these precautions, the vector version run on VP-100
still produces unpreventéble numerical differences from the M-380 runs
as the VP-compiler makes changes in the order of computation. In
particular, the numerical differences between the VP-100 and M-380
built-in mathematical functions were found to have considerable

influence on the computational results.

7.2 VP-compiler option for optimization
In VP—Compiler there exist two kinds of compiler options with

respect to the optimization of object codes.
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ADV or NOADV  which specifies whether to allow the éomputational
order of the FORTRAN statements to be globally chanzed within a
module cr not,

. EVL or NOEVL.  which specifies whether to allow the order of
arithmetic operations in one statement to be changeable or not.

If the option ADV is specified, the VP-compiler alters the FORTRAN
statement order broadly under the guarantee of data independencies, and
produces the most efficient objeét codes. If NOADV is specified, it
preserves the statement order as similar as the highest optimized
scalar compiler (1.e. FORTRANYY OFT3}.

If the option EVL is applied, the most efficient vector
instruction stream for VP-100 will be obtained in consideration of
pipelines parallel operations and vector instrucltion chainings; If
NOEVL is specified, a similar evaluation order as the FORTRAN77 OFT3 is
applied to the arithmetic operations.

The higher optimization options ADV and EVL, denoted as ADV(EVL),
are the default option in the JAERI VP-100 and have yielded the best
codes’ performance for almost all the codes in JAFRI except for RELAP
type reactor transient analysis codes.

The use of EVL results in the numerical differences in the RELAPS
transient analysis calculations, while the option ADV had only a little
effect on the numerical values. Specifying the NOEYL, we can avoid
undesirable overoptimization, to some extent, at the cost of vector
efficiency. The use of the NOEVL avoids such overoptimization as the
change of division to the reciprocal multiplication, the vector
macro—instruction for summation., and the reorder of arithmetic
operations such as A*B*C/G*D*E-+..., but can not ‘aveid the use of the
vector-oriented approximations of built-in mathematical functions.

In the present work, a total of 23 FORTRAN modules were modified
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for vecterization. The vectorized modules and non-vectorized nearly
220 modules are separately compiled by using VP-compiler and the

FORTRANTT CPT2 compiler, and they are linked together.

7.8 Fully vectorized version

At first., we began to rewrite all the time-consuming subroutines
into fully vectorizable program structure. But this work was
interrupted because considerable numerical effects were found. If the
veclor modules were complled with the option ADV{(EVL), the calculations
for all the three problems listed in Table 6.1 stopped with an error
message "transients terminated by failure”. Although the ROSA-TIII 5 %
break analysis, both the Noding A and Noding B, proceeded to the end
when only the subroutine VEXPLT was compiled with the option
ADV(NOEVL), the numerical results were substantially different from

those obtained from the original code.

7.4 Moderately vectorized version

Next, we gave back manually rewritten portions partially to the
original ones as mentioned in the Section 7.1 to redﬁcé the numerical
effects, even it would make the vector versicn more time-consuming.
After compiling this second-level vector version using option ADV{EVL),
we obtained a feasible agreement 1n the values between M-380 and VP-1C0
for the ROSA-II1 problems, but it was not true for the'PWR problem.

Figure 7.2 shows a comparison of the surface temperatures of fuel
rod at the reactor core center for the 500 sec. ROSA-TII 5 % break
analysis (Noding B) between M-330 run of the scalar version, VP-100 run
of the second level vector version, and experimental results. The
temperature somevhat differs between M-380 and VP-100 runs after

dryout. Similar phenomena were observed in the break mass flow
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velocity (see Fig. 7.3). DBut as for the pressures, a good agreemznt is
found (see Fig. 7.4). From the comparison of tha M-389 and VP-100
runs: the advanced time-steps are found to be also differ (see Table
6.1 again). The fuel rod temperature and upper plenum pressures for
the PWR problem are shown in Fig's 7.5 and 7.6, respeclively, In the
figure, the M 330 and VP-100 runs are given. Here, a large numerical
difference is found in the (real) times which attain the peak
temperature. Tha time-step advaﬁcements also differ between the M-380
and VP-100 runs. Note that the computed values of this vector version
completely agree with the M-380 ones as long as the vector version is
executed on the M-330, and so is the advanced time-steps.

The comparisons of the compulting times shown in Tables 8.1 to 6.4

are just provided by this level of vector version.

7.5 Vectorization controlled version

Above numarical differences are mainly caused from a mixed-use of
the vector and scalar-oriented mathematical functions in a run of the
RELAPS code. Because the code is partially compiled by VP-compiler and
partially by the FORTRANTT compiler. For the same inpﬁt, the vector-
oriented approximation formulas return slightly different values from
the scalar-oriented ones in almost all built-in mathematical functions?
As an exanmple, tvo returns of the function DSQRT (64-bit mode) have at
most 10:x(-14) relative error. This negligible amount of error may
happen to cause a different pass selection at a IF statement and go to
somevhat different section of coding, which may results in a different
time~step selection and finally change the entire RFELAPS transient
computational flov ssverely.

But at present, we can not explain which of the numerical methods

and which of the physical models, or which of the FORTRAN statements



JAERI— M 85— 040

and which of the subroutines trigger these numerical instabilities.
More detail investigation is necessary in this respect.

Further controlled version is needed to ensure the numerical
stability for the PYR typs calculations. This third vector version was
generated vith the intention that the vector version run on VP-100
provides the samez results as the M-330 run within the figures printed
out. To oblain such agreement, the vectorized subroutines were
classified inteo three groups according to the compile option used:

. executed with the option ADV (EVL),
. execulted with the option ADV(NOEVL ),
. mathematical funclions are executed in the scalar mode.

Consequently, the classification is shown in Table 7.1,

In order to vectorize the third class subroutires, the restructure

method applied to the subreoutine MDOT, presented in Fig. 7.7, 1s

useful .

Finally ve give two comparisons of the speedup ratios between the
three level of vector versions: First, a comparison between the last
two levels for the previcus three analyzed problems is‘shown in Table
7.2. Second, a comparison between all three levels is shown in Table

7.3, vhere only 100 Sec. ROSA-III 5 % break znalysis (Noding A) is

presented.
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Table 7.1 Classification of the subroutines according to the

compiler optiong used

Groups Subroutine Reason
ADV (EVL) DTSTP, DIDRAG,
HLOSS, SYSSOL
ADV (NOEVL ) EQFINL, HZFLOW, JCHCKE Long arithetic operation sequence
HTADYV and its slaves. Sumnmation, Divide
PRESEQ, VEXPLT, VFINL Noe mathematical function
YOLVEL .
ADV (NOEVL.) MDOT, JPRCP, DSQRT,
but mathemati- | FWDORAG, DLOG, As+K
cal functions | STATE and STHZK's DEXP, DSQRT

are executed
in scalar mode

Original scalar version

——Volume loop

. *ADSQRT (P(1))

Vectior version

——Volume loop (Scalar)

WORK (I )=DSQRT(P(I))

..

—Volume loop (Vector)

= L. RWORK(I)

Fig. 7.7 Restructure method applied in MDOT to execute the function

DSQRT in scalar mode
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Table 7.2 Comparison of the computing times between vector versions
and numerical sensitivity

ector version Moderately Vectorization

Problen vectorized controlled |

| 100 Sec. ROSA-III 28Moas (2.8) 31805 (2.6}i

Noding A Tolerable difference Agreement |

— !

500 Sec. ROSA-III B3MEES (2.4) BaMD1S (2.2){
Noding B Tolerable difference Agreement

450 Sec. PWR 18M08S (2.5) 20M7ES (2.2)
Intolerable difference| Agreemsnt

Speedup ratio: Time ratio of the vector versions to the original
scalar version

Table 7.3 Comparison of speedup ratios between the threes vector
versions for the 100 Sec. ROSA-III 5 % break analysis

(Noding A}
Vector versicn Speedup ratio iNumerical sensitivity
Fully vectorized 3.0 Considerable difference
Moderately vectorized 2.8 Tolerable difference |
Vectorizaticn controlled 2.6 Completely agreement

— 52__
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8. CONCLUSION

The vectorization of the RELAPS code resulted in increasa of
computing spe=d by a factor of 2.4 to 2.8 using mcderately vectorized
version, The present speedup gain is nol necessarily satisfactory but
a considerable commuting time saving wag attained for the transient
calculations of ROSA. On the other hand the vector version requires
main memory 3.7 M byte {vs, Z.M byte original) for a calculation
including 300 junctions.

The computing speed will further increase by 5 to 10 % 1if list
vectors can be generated in the vecltor mode, as will become possible in
this spring. The difference betveen the approximation formulas of the
built-in mathematical functions induces numerical difference between
the,scalar and vector machine runs.

Further spzedup would be difficuli unless the heat conduction
computations were vectorized. In fact, HICOND and its slave
subroutines consume a 29 to 33 % of the total computing time on VP-100.
Even if the these subroutines are vectorized, the vector efficiency of
these routines will not be high, because the computatibn wholly depends
on the heat boundary conditions so that only short veclor lengths can
be obtained.

The authors worked for the reprogramming of the RELAPS code for
six months on the average. Additicnally, one of the authors was
engaged for three months in the numericél sensitivity study. Thus, the
vectorization of the RELAPS was a very laborious task and then the
version-up ls greab importance., However, we have a further plan to
vectorize RELAPDMODZ code.

It is desired that the veclorized experience presented here is

taken into account in the develcpment of future RELAPD codes. However
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it should be noted that the present vector version or vecltorizing
methods are not directly applicable to the CRAY.and CDC vector
supercomputers, because it seems that the vectorizing level of the CRAY .
and CDC compilers has not yet reached the level of the FACOM VP~

compiler, especially considering the DO loop containing IF statements.
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