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Abstract

Lz the FGOS project, we have developed a parallel in.
ference machine, PIM /m, a5 one of U Al products of
the project. FIM/m has vp Lo 256 proesssor elements
{PEs) connected by & 16 x 18 mesh network, while its
predecessor, Multi.PS1/v2, has 64 PEs. A PE has three
cusbom VL3I chips, one of which is a pipsliasd micro-
processor having special mechanizms for KL1 execution,
ruch as pipelined dats typing and dereference.

As for the KL] implementation on PIM /m, we taok
much eare of garbage coflection and mtroduced various
technigues, such a3 increnrental reclamation of local and
remote EI-I]H-IE- E:pzda.“'_r, a hardware mechanism io
snpport the jocal pasbage colleclion greally conlribules
to reducing the everhsad and achieving high pesk per
formance, 615 KLIPS in append on singls processor.

Sustained performance of single processue b6 also im-
proved, and is approximately twice as high as that of
Multi-PS1/v2 This tmprovement and the enlargemant
uf Lthe syslem scale cooperatively enhance the tetal sys.
tem performance, and make PIM fm 5 1o 10 timas as fast
as Mulis-PSI/va.

1 Iniroduction

Several parallel inlerence machines have been developanl
in the Japanese Filth Generstion Computer Systoms
{FLOE) project. As a part of this aclivily, we have devel

uped thiee parable] machines. The ficst maching, Multi-
'S0 /%1 [Masuda ef ol 1958, Taki i568], was an experimen-
ial wersion and was eampleted in 1088 1L haz & procsssar
elements (PEs) wach of which is our firsl sequential infer-
ence machine, PS11|Taki et ol 1984], and has » soflwarc
interpreter for the machine langunge K L1 which is an ex-
tended version of fat GHO [Ueda 1985]. Though the ma-
chine scale was small and the performance was not wery
high, the develapment of Muelti-F51/v] gave us valuable
experimenial knowledge of the distribuled implementa
tion of KL1 [lehiynshi ot al. 19357|.
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The second machine is Multi-P50/v2 [Takeda ef ol
1964, Uchuds ef al. 1956], which contains 64 PEs connecled
by two-dimensional mesh network., Farh PE consists
pf TELITs CPL keroel [Nakaslome and Nakajima 1987),
& nelwork eontroller, and an 80 MB local memary. KL1L
programs are compiled to WAM-bke machine instrus.
tions for KL1 [Kivwra and Chikayams 1987] execuled by
& microprogrammead emulator. The large machine scale
and high perlormance, owing to the improvement of the
processor architeciure and implementation technology,
make Multi-F3I1/v2 the first practical parallel inference
machize. Iis operating sysiem, PIMOS [Chikayama et al
1988], also greatly contributes to its svatlability by prs-
viding highly sophisticated environment for parallel pro-
pramming. Thus, many KL1 programs for various ap.
plication arens have been developed on 1L since ity fiest
meodel was shipped in VRER[ICOT 1490]. These programs
and many wsers of 15 systems prove Ve efficiency and
practicality of Multi-TPE] w2,

Then, we have just Amshed the development of cur
final machine, PIM/m. 1t inherits many architestural
features, such as ihe mesh nefwork and KLI1 execusion
mechameu, e Multe-PS[fvE The perlormance, how
aver, is greatly improved by drastically modifying PE
archileciuee and increasing the number of PEs to 258,

In this paper, the hardware archileclure of FIM/m
and ithe L1 implementation on it are deseribed. See-
tion 2 shows the syslem confliguration, and the architec
ture of PE and ils processing unit. Section 3 describes
several topics about the KLE implementation empha-
sizing the relation wilh garbage colleclion. Section 4
presents preliminary performance evaluation results and
nnelysis on them.

2 Hardware Architecture

2.1 System Configuration

Figure | shows the overview of PIM/m 256 processor
system. I'IB/m consists of up to 8 cabinets, each of
which centains 37 PEs connected to form an 8 = 4 mesh
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sub-network, T'his sub-neiwork s embedded in o larger
network, up te 16 = 16, by channels connscling adjacent
cabinets. Thus we can provide vanious size systems, fram
32 1o 256 PRs,

A cabinet also conlains four GTOMB disks, which
riake & 256 PE system have huge disk space, larger than
20GH, This huge capacity should be enough for apgli-
cations such as knowledge base and genelic information
analysia. Each disk is eonpled with & PE by SCST hus,
wiich is afse used to connect other special IO device,
other PIM systems, mnd/or front end prozessars (FEP).

The FEF @5 a high perfonmance Al workslation,
PSL/UX [Nakashima «f al, 1000, It has & specal atiech-
menl proressar to execole a sequential lagie program.
miing language ESF [Clikayama 1584, Siwee Lhe CFU
kernel of FEI' is that of PIM/m's T'E, FEI iz also ca-
pable (o execale KLL in single processor environment or
BJ.I'.IJ.!.I.I.M"E‘]. HIHI“PI‘UL’E‘LU' EJI"'i.ﬂJII.DI’EI'It. ThEIE{Um.‘ ]J'U
grammers use FEP not only &5 an inderactive [/ O sys-
tem, hut alsn as a eanwenient debugging workbench

2.2 Processor Element

Each PE lLas three ¥LSI chips, PU [Processing Umt),
CU [Cache Uml) and WU {Network Coatrel Unil), as
shown in Figure 2. These chips and other penpheral
chips including a fioating point proeessor ere installed
on one printed circuil board. The other board carnes a
b6 M.word (60 ME) local memory constructed from 4 M-
bit DHAM chips. This twao board confignration of PE s
much smaller Usan thal i Malli-FSI/vE, wghl boards,
ard makes it possible o increass number of PEs from
64 Lo 256, owing Lo the advanced VLS| technology, The
machine cycie i 63ns, which has also been improved

[rom 200 ne of Mulli- F31fv2,

PU s a 40-bit papebned microprocessor which exe.
cates KLI {and ESP in FEP} uader the contra] of a ma-
croprogram stored in 32 K-word writable control store,
The architecture of PU is described in 2.3 and 2.4, QU
condains A 1 K-word (5 KB) insteuction cache and a 4 K-
word {20 KB) data cache,

NU perlorms swilching of message packeis Lrans.
ferred throngh the mesh netwark, using so-called Worm.
Huly Ruu-hng mechanism.  As shown in Figure 3, the
netwark of PIM fm consigis of full duplex channels con-
necting adjacent PEs. Thatb is, a paic of adjacent PEs
may simultanecusly transmit message packets Lo each
ather. Mareover, 2 message packet passing through a
PE dues nwl disturh the KLI execotion on the PE, nor
coll:de wilh others unless they have the same diseelioi.

The netwerk i3 invested with these properties by the
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atchitecture of NU shown in Figure 4. NU has o 3= 5
crossber Vo swilch fuur ioput/output channel pairs for
adjacent PEs {Ch0-3) and & pair for CPU {ChQ). Thesa
channels earry o 9-bil packet byte, which consists ef 8 bit
data field and a mark to indicate the header and trailer
of a packet,

Switching is performed by locking up » RAM table
named poll tuble (FT). The address of the table iz pea.
vided from the packet header which specifies the desti-
notion FE number of the packel. Each entry of the ta-
ble containe & 2.bil code indicaling the direction of the
packsl, going strasght, turning lefi/mght, or arnving af
ils destination. This mechanism gives us much fexibility
for routing, system reconfiguration, and physical inter-
connection of PEs. As Lthe pall table has independent
re=ad porie for each input channels, collision of packets
dees not occur even in switching phase.

(Inee the connection of an mput/output channel pair
15 established, NU transmite & packet byte per four ma-
chine cyeles regardless the physical location of the adj.
cent PE. This fealure is owing lo a sophisticated asyn-
chronous communication mechanism using FIFO oulput
buffers (OB0-3). In this mechanism, & sender PE does
nat wait for acknowledgment from the receiver {or a
packsl byle. Instead it cares about the caution from
the receiver saying that the output buffer on the next
p;l.l'l will soon be full. Sl:unc the caubion 18 ru;red Lrefore
the buffer is really full taking physical line delay into ac-
count, packel byles never overrun. The oulpul ballers
alse contribute to reducing the probability of network
choking,

The channel pair for OPLU has twe FIFD buffers, a
read buffer (BB} and a wrale buffer (WH). The read
buffer acts a3 an sviput buffer for the packets directed
to the PE ilsell. Iis size | KB, however, 15 much grealss
than thal of pulput bulfers, G4 B, in order to hold a whole
message packet. When the ta] of a packel written into
the read buffer, an interriapl caites o lefl CPT that the
pachet arroves, The write buffer, whose size is also LED,
starts Lransmussion of a packet when its tail is woitlen, in
arder Lo aved that the packet is chopped. Both hoffers
alsw lave Lhe capability to compuse/decempese a 40-bit
word fram finto packet bytes, '

2.3 Processing Unit {PU)

Figure § shows the configuration of the processing unit,
PU |Naknshima ef al 1060, Mackida et al. 1081, FU ex-
eciies WAM-like instructions for KL1, named KLI-B
[Himurs and Chiksyama 1887, Warren 1083], with the [ol-
lowng Trprsters.

A SR, .. Azgument and temporary registess.

PC..... Program counter.

AF ... Alternale clause poinler
CCGP ... Current goal record pointer,
G5P ... Goal stack poanter,

85T ..... Suspension slack top.

HE . .... Heap paintes.

S5F ...... Struclure pointer

FWP .... Free variebie cell pointer,
FLP .... Free list cell poanier.

FGT' .... Free poal record pointer

Ap/ Xy are implemented as a register file. The other reg-
ister file, WH, contains the control registers shown abave,
except for PO and 5P which are hardware counters Each
mgi;l\‘.;r is 410 bal wi.l.]l.h, :i:LlJurli.na g lat Lu.s [or dula Ly pas
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representaiion and incremental/ordinary garbage collce.
tion. The tag bit for incremental garhage collection 15
called Multinle feference Sit (MEB) described in 3.1

FU has five pipeline stages, D, A T, S and E

The D [Decode) stage has a HAM table for ansteuc
tion decede. Each entry of the table conlains the start
address of the miceoprogram routine for an setruclion,
and the nann-code to conbrol e following stages. This
RAM decoder makes it wasy to develsp the micropro-
gram

The A {Address Calculation) stage calculates Lhe op.
erand address by adding two of lollowing resources, ac-
cording to the nano-cade

+ An operand field of the instruction
+ Program counter, PC
* AL fX, specilied by an operand field

s Current goal peinter, COP, in get o location of a
gonl arpament.

The A stage alse controels instruction fetch, including
conditisnal and nrennditional braneh operalions.

The It (Read Data) stage fetches an operand from
data cache waing the calenlnted address, il necessary. The
S [Setup) stage selects three operands from the following
resources and transfers them to the B (Excculion) stage,
sccording fo the nano-gode.

« An apﬂlnd field of the instruciion.

s The up:;n-d fetched h}' the K stage and its ad-
dress.

* ALK, specified by an operand field,
# Contrel registers in WH
# Structure pointer, SF.

in conventional pipelined processors, {he operand setup
operation is performed by the stage like R PU, however,
bas an additional spesial stage, S, for the operation. The
reasen for introducing the S stage is that 16 15 required for
the pipelined data typing and dereference, as discussed
later,

The E stage has iwo pipelined phases controlled by
microinstructions. The first phase contains A, /X, WE,
and special registers including PC and SF. This phase is
shared by ithe 5 and E stages [or the operand setup. The
second phase has two lemporary registers (XE/TIL), two
memnoty address vegisters {MARL/Z), and twe memory
data registers (MDEL2), Tws of those registers ara in.
put to ALY, end the result is written into registers in the
first and/or second phase. ALU operation aid Lag ma-
mipulation tncluding turning onfoll MEB are performed
i parallel.

2.4  TData Typing and Dereference

Data typing and dereference ate very important for effi-
cient implementation of logic programming languages
Hoth data typing and dereference are perlormed by
checking they lag of dats and changiug the control flow
aeeording to the result. PU has powerful mechanisms,
wcluding the ppelined data Lyping and dereference, for
these operations.

The F slage has the following microprogram opera-
tions for lag checkiog.

(1) Two way conditional jump. The jomg condition is
obtained by comparing the tag of a register with
an immediate value of the tag ol ansther register,

(2) Three-way jump. The tag of MDRL o0 MDIRZ 15
compared with an immediate value and referemce
tag.

(3) Multi-way jump. A RAM labie, which conlains
Jumg ulfﬂhl is Jooked uj Lry the tag af MDRI or
MDRZ.

Thess aperations requires two machine cycles. The first
cycle makes the jump condition or offset, and the seeand
generabes Lie jump address and fetches L micrsinslooe.
fion.

The pipelined data typing and dereference, which are
most upigue features, mainly depend on the 5 stage. The
S stage hos the following three lunclions for dats Lyping

(1) Madify the microprogram entry address comparing
the tag of the operand fetched by the R etage with
an immediate value.



{2} Set up the offset of & multi-way jump, which can be
performed by the first microinstruciion, leoking up
the RAM table by the tag of the operand fetched
by the IL stage.

{3} Set up the two-way jump condition, which can be
examined by the first microinstructisn, comparing
the tag of an operand transferred to the E stage
with an immediate value,

The fissh dwo lunchions tequire the special stage between
the K and E stages.

The 5 stage also performs dereference. When the
dereference from A, (X, is ordered, the B stage fetches
the operand if the A, /X, conlains reference pointer,
while it always felches the operand in the case of the
dereference from memnry. In both cases, the 5 slage
exarmines the lag of lelched data, and repeatedly reads
memory until a non-reference data is oblained. The state
of the reference path indicated by MRH of sach reference
pointer it alts examined, 88 descnibed in 3.1

3 Implementation

Sinee logic programming langeages don’t have destrue.
tive assignment, manipulaling & dats structure often
makes & copy of the data lesving s old wersivn as &
garbage. In Prolog, gachage data cells may be reclsimed
by intentional backirack with side effect operations. In
KL, buweves, this technique cannol be used becauss
deep backizack causes the failure of the entire program
Thus, garbage reclamation has Lo be periormed only by
the run-time system.

In the KL1 implementation on PIM/m_ therefore, we
tnok much care of garbage colleclion and sls eMciency.
Fur the eclumation of local garbages, an incremental
garbage collection uming Multiple Heference Hil (MITH)
iz intraduesd. Hemole garbages, which was enve poanted
[t PEs other than its home, are also reclaimed in-
crementally by a sophisticated reference counting mech
anism for reducing Lhe number of inlernFE messages,
called Weighted fzport Counting (WEC).

This section descrabes the implementation of KLI,
emphasizing Lhese garbage collection mechssms and re-
lated technigues to reduce memery space and number of
TLESRREES,

3.1 Local Incremental Garbage Collec-
tion

Canecireenl pracessea in KL]1 commuonicale each oller
through shored logical variables, Typically, & paic of
concurrenl progessea, s producer and o consumer, has
its own logical variable in which tie producer puts some
dala by an aclive [or body) unification. The consumer

[lst & ] s
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Figure 6. Multiple Refeience Dit {(MAB)

will ke activated by binding the variable and rend jts
contents by a possive (of guard) unification. Becaose
the variable cell i3 shared only by the producer/consumer
pair, 1t will become garbage after the consumer geis its
contents. Moreover, & structured data onified with the
variakle may alsa beeame garhage after the consumer
decumposes it

The Multipie Eeference Bif 15 imtreduced in order
Lo reclaim Lhese gacrhages [Chikayama and Kimura 1987]
MER 15 a one-bil reference counler atlached to both
'pui.:|1.:|.|. aniil n-'l:jl:ucl:.. As the couater for a Pﬂinllﬂ‘l MRED
is tuened o (owerflowsd) iF the pointer is deplicated, as
shvown in Figure Gla) and {l), That is, & poinler with
MRE on might relets to an shject logether with sthee
pointers, In olher words, an object direcied by a pointer
with MRE off van be reclaimed as & garbage after the
(paseive) unification 1 performed throagh the pointer.

Tkis rule, howsver, has an exceplion for unbound
vafiables each of which can have twa reflerenze point.
ers wilh MRB off, for & producer and & consumer {Fig-
ure A{e)). After the producer unifies ihe variable with
sorne data and loses its reference path to the vaciable,
the path from the consumer to the data is lelt alone as
Lhe rule requires.

This exception lends to the other aspect of MRE,
ED"I.I.I'ILEF fnr an D‘IJJ’KE A! EII.’U“'IL Jn FJEIIIE G';'d }' Al Wi
bound variable might have a pointer with MILB off and
twa or more poinlecs with MEHE en. I the varable is
untfied with a data through the poister with MRO on,
the data has & pointer with MER off, slthough it can-
not be reclamed by the umficabion Lhrough Lhe pointer.
Thus the date, which i3 an alomic er a pointer, should
have MAH indicating wiethar it i= pointed by multiple
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puinlers as shown in Figure 6] and {{].

The incremental garbage collection i mainly pec-
formed when the unifier makes dereference. A member
of the chain of reference pointers can be reclaimed if both
its MILE and that of its predecesssr are sfl. The terminal
of the chain is also reclaimalle if the same condition is
satishied. Espeaally, all of the members on the cham is
colteciable if therr MHEHs are off,

In order to support the reclamation, the pipelined
derelerence mechanism of PU maintains the following in-
formadion (Figure 7).

SRHF (Single Neference Path):
MREDBs of all the pointers on the chain are off

COL [Collectable):
MERs of the first bwo pointers are off

These are nol |:|1|.]_|.' pum:. Lo the E lh.El.-., Ll alen com

bined with the data typusg result to make micioprogiam
eatry address, in order thal tbe E slage easily decde
whether the reclamation can be done.

Ur passive anification, il Lhe dereference result iz a
slructure, the slructure will be eallected afier the com-
mil cperation. For example, the instraction " collect_
list™ 1% lacated at the br_.ginni'ng of the |‘.|1;|r|f eode for
a glause havipg Dead amfication with a lst cell, and re
clnims the list eell if the path 1o it is single. Fer the
processes hiltering streams represenied by bists, ¥ rouss_
list" is used for passing the list cell directly ralber Lhan
Pu.ll.i.ns and s\qll::ins H! luf[r\om the fr=e cail Pchqt. To these
instruclions, SHF ie passed through Lhe MR Bs of their
operands, A X,

SRP 15 also examined by builtan predicales for op-
Gmuzation [[namara o al, 1989].  For example, “set_
vector eLlement " updq.lvu an element ol a weclog Lo
make its new version, praviding the path ta the veelor
i singie. The siream merger also examunes the state of
the paths to the vanable cell representing a steeam and
Lhe list eell to be pul, in order Lo reuse Lhese cells.

Fr ! Fn

lmport Table Expol Tabde
ufbcd daty

Figure & Export Table and Import Takble

[ § in, e

3.2 Remote Incremental Garbage Cal-
lection

As MED overflows when an ol pecl has bwo or more point-
ers, Lthere are garbages which cannet be reclaimed by the
ineremental parbage collection mechanism desceibed in
LI Thereloie, s PE may ealiavst ils lugal memory space
and invoke a baich-mode garbage eollectoe. [n ecder to
iuw Lhe garbage colbeclor to move data around in the lo.

cal memory space, remaote references are indivecied wilh
expord lable as shown in Figure B [lehivoshi of ol 1987, A
remule reference consials of the pair of identifiers for PE
and the export lable entry from which the exporied data
is pointed. Thus, a PE iz free o perform batch-mode
garkage collection independently, because ollier PEs are
ignorant of local data sddresses but aware of positions
of the kable entnes which never move

The ether indirection table for remole celerences, am-
port table in Figure 8 i ntroduced to reclaim export
table entrves scrementally. Entries for single.referanced
objects are easify reclaimed using MED scheme. When a
FE, ¥, exports the pointer to s single-referenced object
to another PE, Fi, it registers the pointer inte MA8.off
export table. P alse regislers the remote reference into
MREB-off import lable in order to identify that the e
mote path iz single. Unless F; duplicates the path to the
J'.mp&ﬂ lable entry, the exporl lable entry ix reclaimed
when F, makes & remole access Lo Lhe obiecl, For exam-
ple, when F; wants to read the ohject, i sends a mes-
sage to get the ohjeet. The message also says that the
remete path 15 single, and causes reclamation of the ex-
port table entry by £ On the other haod, if F; makes
muitiple pathis and thea loses them all, the reclamalion
i trigeered by batch mode garbage colleclor on M. AL
ter the marking of Lhe garbage collection, the import
iable iz scanned to End out unmarked eoiries and send
a message for each of these entries foc the reclausation of
catresponding export Lable eulry

In arder o reclaim export lable entries for multiple-
relerenced objects, we introduced Wesghied Ezpord
Counting {WEC} method [lehiyoshi ef af 1988], which
15 also independently proposed in [Watsen and Watsan
1987 A PE pair, F, and ;, exporting and smparting
the pointer 1o o mulliple-referenced objeclt has entries
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on MRB-on e‘:purlﬁm‘p-ﬂri- tahle for Lhe ob;cch. Fach
entry has a slat for WEC value, which 5 a kind of refes-
ence counter but is initiated with some large number, say
1000, rather than one, as shown m Figure $a). When
F; duplicates the pointer and exporis ons of the results
te another PE, P, it divides the WEC wvalue into bwa
portions, say G and 400, Then F; sends & message con-
{aining the remote relerence and the WEC value 430 to
P (Figure 3(b}]. £ receives the message and makes
an import table entry with the WEG value 400 (Fig-
ure B{c)). Naote that the total of WEC values associated
with the cemote relerences 15 equal 1o the WEC value of
exporl lable entry Lhrough all phases shown i Figure 9.
If B (or Fp) finds that there are no paths to an import
tabibe enkry on incremental or balch- mode E,.u.rha.!e colbec-
tion, il sends a messege [or reclamation to P, with the
WEC value. The WEC value of the export table entry
ie dectemenled by thal in the message, and the entey i3
reclaimed if the WEC value becomes zero.

This scheme has the advantage of ardinary reference
rounting, becase it omiks teguest and acknowledgment
messages which the ordinary seheme requires when £ ex-
poris the pointer Lo Po. Thal s, in the ordinary scheme,
F: should send a message for incrementing the reference
counter Lo P, and suspend exporting untal il receives ac-
knowledgment from F,. Unless F: wail for the ackaosl-
edgment, the coanter on F, might be cleared transitively
by the deerement request from Py which pessilly reaches
F, eatlier than the increment request from 5.

A similar weighted counting method, Weghted Throw
Counting (WTC), is adopled to detect the termination

of a group of goals [Huhusawa ef af 1988]. KLI has the
capability to supervise goal groups, called Shaen, as of
they are mela.ntecpreted [Chikayama el ol 1088]. For
examphe, the opersting system PIMOS can detect the
termination of a user program represented as a Shoen
Since goals in a Shien may be distribuled to many FEs,
some remobe reference counbing 15 necessary bo detect
the bermunation of Lthem all. As WECD far remale reler.
ences, WTC values are given bo PEs enecuting goals in a
Shioen. Thus, PEs can exchange goals with some WTEC
values omilting requests/acknowledgments as descnibed
belore. This [eaturs is very imporlant for efficient execy-
tion becaise an active unilicatisn with a remste variables

15 a goal

3.3 DMultiple Export and Import

(nee a muttiple-referenced object 15 exported, ik is often
expocted agan. I such a object is repeatedly exported
gwerlooking that it has been already exparted, eaclh time
an expocl table enlry 18 consumed. A PE imporling such
FY objcc.{ r\epcnr.edlf, worse still, gels multiple copies al
the object. [n order Lo solve Lhase problems, boll ex-
port Labie and import table are content addressable by
hashing. The hash table far export assnciales (loeal)
sddresses of exported objects wilth export lable enlres,
while that for import associates remote references with
import table entries

This scheme, however, cannol deal with more :ampl.iv
ealed situations For example, il P, imports two pointecs
from F, and P, and each pointer refers Lo a copy of a



Table 1: Single Processor Performance

hencheark | sondition PIM/m | Multi-PST/v2 %
m
append 1,000 elements | 1.63 msec 7,60 msec 4.8
besl-path [ 80,000 nodes 142 sec 213 sec 1.5
pentommine | B = § box 107 sec 240 sec 11
15-puzzle | 5885 K nodes | 9,283 scc 21,860 sec 2.4

data structure oo each PE, P, will get multiple copics
fram F, and F,». This troublesome sitvation may oc-
cur in distribution of program codes which have intricate
cross references.

Therefors, we introduced global identificalion of code
mudules fu proouse that a PE sheuld not have muliiple
copies of & code madule [Nakajima of ol 1985, When F,
is requested by £ to eend a data object and find oul
that the abject is & code madule, it transmits the module
identifier rather than the module ibseil as the reply. Thea
F: looks up a hashed table for modules resident in it
with the identifier. [f the module 15 resident, ¥, ssmply
executes it. Otherwise, F; sends & special message far

getting the module itself to F,.

4 Performance Evaluation

4.1 Single Processor Performance

Tahle 1 shows the single processor peeformance of PIM /m
fur four benchmarks. The table also includes the per

formance of Multi-PS[jv2 and the ratio of PIM/m and
Muiti- P51 w2 (M F-speedup] to show the effect of archi.
bectural improvement.

The performance {ar append repeesenis the peak
performance which 5 4.8 {imes a5 high as thas of
Multi-P5I/v2.  This improvemeat should greatly owe
to pipelined data typing and dereference, because the
speedup facler for major B slage operations 15 only 1.5
[_lwu Gh s eyele wersus one 200 0s ¢].-v.‘.|.t_:| The efective-
ness of pipelined dereference supporking the incremental
garbage collection 1s proved by Lhe facl Lhal the speedup
factor i1s sigmificantly larger than 4.27 fa:r Prolag eppend
on P5LI1 and PEISUX whose OPLU kesnels ace Lhose for
Whulti- PS1/%2 and FIM/m respeclively [Nakashuma ef al.
14u0].

On the other hand, the absolute performance, 615
KLIFS, 1= still lower than 1.4 MLIPS for Prolog on
PSIJUX. A part of thiz derelerence is caused by the
facl that the incremental garbage colleclion mechanism
inlerently reguires additional memory accesses bo free

“This value iz normalized to compenante the machime cyele dif
forence betweas Mulli-F51/v2 and PSI-IL

cell pool and variables excluded from [ist eells. In fact,
KLI append performs 1) memory accesses per one reduc-
tion in our system, while Prolog append does 6 accesses
reqqutred essentially, The other part, however, should be
due to the hardware support for the incremental gar.
bage collection which is not yel sufficient fo remove e
overhead. For example, we eslimated that some modifi-
cations of the hardware with few gates for;

« making information indicating whether the deref.
erenced path is Latally eollectable,

e felching an elemert from free wanable pool in
pipeline, and

# slering the result of an ALU operation inte both
the structure pointer and an argument register

will make the performance 310 KLIPS.

The other three benchmarks are search programs
with varicus paraliel algortihems and foad distribubion
strategies, Hesi-path hods owut the shortest path be-
tween two vettices of a dicected wesghled graph wilk
& parallelized Dijkstra’s algorithm and static load dis-
tribation [Woda-K and Ichiyashi 198%]. FPenfomine makes
OR-parallel exhawsiive search o solve a packing piece
purzle problem with a multiple level dynamic load dis-
tribution melkod [Fuswieli ef al 1000]. [5.puszle solves
& well-known purzie problem in parallel by employing
iterative-decpening A" algorilhm | Wada M and lehiyashs
1961). Althouwgh LUrese programs are not practical, the al-
gonthms and load distribution strategies should be gen-
erally adepted to various spplicalion programs of paral-
lel processing. Thus, it s expecled that the peclosimance
for Lhem reflects fhe Fe*rﬂ:-rml.rlc: :usiain:dly E‘o!ben on
PIM/m.

The M/P.apeedup for these program, 1.5 1o 2.3, are
motb excellent in contrast with the sase of append. This
15 prabably caused by lwo major reasons, contexi swikch
and cache miss, In Uese programs, context switches fre-
quently occur, every two Lo three reduclions, by the lees
meinabion or suspension of goals, winle pever in sppend.
Since instructions for the context switch take dozens of
cycles for execulion n the E stage and make pipeline
:la.slmul., e F;rdum;l arcluteclure doesn'l sa.in much
performance improvement for these programs.
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Figurs L& Speedups for besi-path and pentoming

Cache miss penalty should be the major degradation
factor in best-path which has a large working set. Even
in Multi-PSI/v2, cache miss degrades the performance
10 ta 20 % a2 reported in [Nakajima and Tchiyeshi L090)
Thus, the penalty relative to the machine eycle heromes
more critical, hecanse the eache size and physical mew-
ory acoess lime of PIM/m are not greatly evolved from
Multi. TSLfv3,

4.2 System Performance

Syslem performance is sirongly related with load distn-
bulion steategy and communication cost. Since PIM/m
has four Gmes as many PEs as Multi-P31/+2 has, it
might become difficult o balance lnads distributed Lo
PEs.  As far eammunication cosk, we evaluated that
the nelwmk capacity of Multi.PSIfv2 is much larger
than tequired [Makajima and [eheyaahi 1000 Therelore,
we designed FIM/m's network making its throughput
and bandwidth slmost equal 1o those of Multi-F51/+2's,
cxpeeling that the network elill has enough capscity.
The frequency of message passing, however, might be
contrary o our expectation, becanse of underestimation
of hot spot effect and so on.

The speedup, whick is gotten by dividing execution
time for single processor by that for m procoessurs, may
give prebiminary answers about those questions. Fig-
wre 10 shows the spesdups of PIM /m and Multi- F31/vi
for best-path and pentomine. Up bo the BATE sysiem,

the speedup of PIM/m are quite simular to or slightly
better than that of Multi.P51)v2. Espedally, the result
of best-path shows surprising super-linear speedup, prob-
ably becauss partitioning ihe problem makes required
an:n'mr].' Si.lm [L'll.' & FE ﬂ‘llll]] -ﬂlld Wdl.l.’l:ﬁ mhﬂ lllihh raile
andfor the frequency of batch-mode garbage collection.
These resulls show Lhat the network of PIM/m stands
increase of message passing frequency caased by the im-
provement of PE performanree. Thus, the perlomance of
minghe cabinel minimum system is greally improved from
Multi-PSI/v2. That is, M/T-speedup iz 5.6 for best-path
and 11 B.3 far pentomino

Ctn the other hand, the speedup of the 128 PE sys-
tem arg considerably low, especially for best-path, Thus,
the M /T speedups for 4-cabinet a hall of maximum sys-
L are 3.7 Jor besl-path and 6.4 for prrtomine. This
implies that the problem size is loo small Lo distribale
loads io 128 FEs and/or the message passing frequency
exceeds the network capacily, As for beafpoth, the ren-
son af low speedup seems Lo be small size of Lhe problem
which Lakes valy 1.8sec on the 128 PE system, becanse
a I'E transmils messages only {o s adjucent Pls. For
rxample, when Lthe problem iz scaled up by increasing
the number of aodes from 80K te 250K and 1M, the
speedups for the 128 PE system hecame BT and 100 re-
speciively, as shown e figure”.

“Simer large problems cannol rua on emall wige systems, the
speedups are eslimated by multiplylag J2PE speedups [or amalk
probiems by 32 o 128 PE spealups foo barge problems.



In pentamine, its ipad distribution sirategy might
canse hob spol PEs which peol leads and distribute them
in demand drven manner. The hat spat, hawever, is pos.
sibly that of computation for load generation rather than
eommunicalion for distribution. The problem size may
also limits the speedup, becanse the execution time of
the 128 PE aystem is only 1.3sec. The speedup of larger
size problem, which is for 10 % 6 bex and takes 211 see
on the 128PE system, is 105 as shown in the figare”.
We are now planning further svaluation and analysis o
confirm these observations or find out other rensons.

As for tS.puezle we measured Lhe speedups of 04 and
128 PE systems changing the problem size as shown in
Figure 11. The figure alao shows the number of nodes
in the search space for each of seven imibial slales of
lhe game board. The results for the 64 PE system of
PIM/m is also guite similar to that of Multi-P5[/vE
The speedup of the 128PE systen, 38.7 to 109.2, are
tightly related to the size of problems. The analysis of
this relation 15 also left as a future work.

5 Concluding Remarks

This paper presented Lhe hardware architecture of PIM{m
system, its processor element, and the pipelined micio-
processar dedicated in the fast execntion of KL1 pro.
grams, The KLL inplementation isswes focused oo its re-
lation with garbage collection were also described Then
preliminary petlormance evaluation resuits were shown
with beiefl discussions on them.

We are now planning a research concentrated on fur-
ther evalualion of the pecdliomence of PIMin and the
behaviar of various KL1 programs. The avaluation re.
sults and detailed analysis on them should greatly con-
tribute not only Lo the pedformanes tune up af P'l?lIl."m
but also lo the research on parallel inference machines in
next slep,
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