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Abstract

PCs and wrkstations der execellent performance per unit costhus, for computational
tasks where a single machine is notd&aient, the possibility of treating multiple machines as a
parallel system seem®nry attractre. Howeve, conventional communication hardwe mecha-
nisms yield communication and synchronization latencies tha¢ ik the lagest-grain paral-
lelism efEcient. & example, typical LANs accessed througkix have latencies measured in
milliseconds; een the fastest parallel supercomputerssddatencies measured in tens to hun-
dreds of microsecondslhus, for ag of these systems, the minimuniegitive parallel grain size
is measured in thousands of soating point operations.

Rather than accepting these delays, wee lievdoped nev hardware that ery efEciently
implements barrier synchronization and aggie communication operationsthis nev hard-
ware is called RPERS: Purdus' Adapter for Rrallel Execution and Rapid Synchronization.
Although the warious diferent \ersions of RPERS difer soma&vhat in the operations thesup-
port, each RPERS unit is capable of performingyapasic synchronization or agg@e commu-
nication operation with a totaiNix-process tawNIX-process laterycof just a fev microseconds.

This paper details the public domain design of TIAPERS, which Purdue Uvarsity
and the authors pvale strictly on an ™as-isS basis, withoatranty or liability TTL_PAPERS
differs from the otherAPERS units in aariety of ways, havever, dl these diferences focus on
making TTL_RAPERS implementable with a minimum of haate deelopment resourcesThe
4-processor TTL_APERS design discussed in this paper uses just 8 TTL chips, can be wired and
powered using parts readilyailable at Radio Shack or other electronic supply stores, and Ets
neatly into a box that is easily constructed using standard sized lumber
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1. Theory of Operation

When one ®rst hears of TTLAPERS, it is ery dif®cult to accept that such cheap and

simple hardware can implementery efective s/nchronization and communication operations for
parallel processingThis is because the traditional wie of parallel and distriied processing
rest on a set of basic assumptions that are incompatible with the concept:

f

rventional wisdom suggests that the operating system should manage synchronization
and communication,ut even a smple contet switch to an interrupt handler &k more

time than TTL_RPERS taks to complete a typical synchronization or communication.
All interactions with the TTL_RPERS hardwre are I/O port accesses made directly from
the user program; there are no OS modi®cations required and no OSrahbaal is
incurred.

Mmmunication operations are characterized primarily by Igtéotal time to transmit

one object) and bandwidth (the maximum number of objects transmitted per unit time).
The hardvare and softare complgity of most interaction methods results in high lagenc
high lateny makes high bandwidth and e parallel grain size necessaty contrast,
TTL_PAPERS is ery simple and yields a correspondinglyvidtateny. Providing low
lateng alows TTL_FAPERS to verk well with relatvely ®ne-grain parallelism, utt it also
means that relately low bandwidth can s®ce.

Atypical parallel computer is constructed byiag each processor a method of indepen-
dently performing synchronization and communication operations with other processors; in
contrast, TTL_RPERS interactions between processors are performed agaggpera-

tions based on the global state of the parallel computation, much as in a SIMD machine.
This SIMD-like model for interactions results in much simpler haadevand a substantial
reduction in softwre werhead for most parallel programs (aasnobsergd in the RSM
prototype [SiN87]). For example, message headers and dynamically-allocated message
buffers are not needed for typical TTIAPERS communicationslt is also remarkably
cheap for the TTL_APERS hardwre to test global state conditions suclamg or all

Thus, TTL_RPERS does not perform yamagic; it simply is based on a parallel computation

model that naturally yields simpler harame and laer lateny. TTL_PAPERS is not really a
network at all, lut a special-purpose parallel machine designed speci®callymerov-lateng
synchronization and communication, taking full adtage of the ™loosely synchronouxssue
tion models associated with ®ne-grain to moderate-grain parallelism.

1.1. Synchpnization

The only synchronization mechanism implemented by TAPHERS is a special type of

®ne-grain barrier synchronization thacflitates compile-time scheduling of parallel operations

[DiO92] [DICY4].

Hardware barrier synchronizationas ®rst proposed in a paper by Harry Jordon [Jor78],
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and has since become a popular mechanism for coordination of Mpslallel processesA
barrier synchronization is accomplished by processasuéing await operation that does not
terminate until sometime after all PEsvlasgnaled that the are wait ing. However, while
building the 16 processoASM (PArtitionable Simd Mimd) prototype in 1987 [SiN87], we real-
ized that the hardare enabling a collection of ceantional processors taxecute both MIMD
and and instructionel SIMD? programs as actually anx¢ended type of barrier synchroniza-
tion mechanism.Generalizing this barrier synchronization mechanism resultedverasenev
classes of barrier synchronization architectures, as reported in [OKD90] [OKD90k)e aher
PAPERS implementations, the TTLAPERS barrier mechanism pides only a subset of these
features; havever, these features are ®dient to enable camntional processors to @€iently
implement ®ne-grain MIMD, SIMD, and VLIWWexecution [CoD94a].

The TTL_FAPERS barrier mechanism also pides an dective target for compile-time
instruction-lerel code scheduling [DiO92].

1.2. Communication

In addition to high-performance barrier synchronization, TRPPRS preides lav-
latengy communication. Thisnechanism is not equdlent to a shared memory nor a cem
tional message-passing systemt bas seeral adwantages for loosely synchronous communica-
tion. Basicallyit trades asynchrgrfor lower lateng and more pwerful static routing abilities.

As a side-dect of a barrier synchronization, each PE can place information into the
TTL_PAPERS unit and get information from whisi®e processaror group of processors, is
selected. Thughe sender only outputs data; it is up to the weced know where to look for the
data that the sender has madailable to it. In TTL_PAPERS, we further simplify the haréwne
by extending this concept so that all processors must agree on and wentalthe choice of
what data each processor willieaavailable. Comparedo corventional netvorks, this method
allows less autonomy for each procesdmrt yields simpler hardare, better performance, and
more paverful access to global state.

The most basicAPERS and TTL_RPERS communication operation is a multi-broadcast
that sends to each processor a bit mask containing one bit from each protessos a ery
powerful mechanism forx&@mining the global state of the parallel machiAe. obvious applica-
tion is for processors to &tes on what thewould like to do next. For example, it can be used to
determine which processors are ready for thé¢ pbase of a computation or which processors
would like to access a shared resource (e.g., to implement a balanced, coneict-free, schedule for

1 MIMD refers to Multiple Instruction stream, Multiple Data stream; i.e., each processor inde-

pendently recutes it avn program, synchronizing and communicating with other processors when-
eve the parallel algorithm requires.

2 SIMD refers to Single Instruction stream, Multiple Data stream; i.e., a single processor with
multiple function units aanized so that the same operation can be performed simultaneously on
multiple data alues.

3VLIW refers to \éry Long Instruction \td; i.e., a generalization of SIMD that alle each
function unit to perform a potentially f#ent operation on itsan data.
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access to an EthernetHowever, because an communication pattern is a subset of multi-
broadcast, it can also be used to implement general communication ™routings.

In addition to one-bit multi-broadcast, sonmersions of RPERS preide the ability to get
four bits of data from gnprocessor in a single operatiotlsing a unidirectional Centronics
printer port, four bits is the theoretical maximum number of data bits that can be obtained by one
port input operation.TTL_PAPERS implements four bit sends, angere more functionality

using simple MND logic to combine signals from the processdBperations directly supported
include:

Snce TTL_FAPERS data is literally a fotbit wide NAND of data sent across all proces-
sors, computing a foubit global NAND takes only one operationLikewise, NAND can
implement AND and OR functions by simply complementing the output or by comple-
menting the inputs.

To accomplish a foubit broadcast from a single processabirthe other processors simply
output Oxf S four 1 bits. Again, the result will be the complement of the data sent.

To accomplish a one-bit multi-broadcast, each processor sends four bits of data such that
processoi's bit i is the data it wishes to send, and the other bits are allgs: Br exam-

ple, bit 2 will be 1 for processors 0, 1, and 3; thuBNRing these signals together will
result in a signal that is the complement of bit 2 from processor 2.

In summary TTL_PAPERS preides almost nodtility for autonomous communications,itb
does prwide a \ery rich collection of agggegte communication operations based on global state.

1.3. Interrupts

To facilitate some Mgl of asynchronous operation, somersions of RPERS preide a
separate interrupt broadcaatility so that ay processor can signal the otheSuch an interrupt
does not really generate a haatw interrupt on each processather it sets a eag that each pro-
cessor can read at an appropriate titAkhough such a check can be made attime, the tvo
most olvious times are:

When a barriewait has takn an ungpectedly long time.This would indicate that one or
more processors might Ve generated an interrupt, freezing the barrier state so that other
processors wuld knav to check for an interrupt.

When the OS is woked to perform a scheduling operatiormhus, @ng scheduling and
other OS functions can be implemented byitng the OS on each processor use the-inter
rupt facility to coordinate across processors.

At this time (November 1994), the TTL_RPERS interruptdcility is not used by the sofawe.
However, the hardware does prnade all the necessary logic for generating an interrupt and pro-
viding a special ™interrupt ackshexdge barrieg
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1.4. Pumpose

Unlike most research prototype supercomputers, TRPERS is a fully public domain
hardware and softare design intended to be widely replicatétis hoped that the ®ne-grain
capabilities of TTL_RPERS in linking comentional computers will bring a qualitaéi change to
the ®elds of clustenetwork, and heterogeneous supercomputing.

The ®rst public demonstration of TTLAPERS vas at the International Conference on
Paallel Processing, August 16-18, 199%hat unit difered from the one discussed here in that it
lacked a parallel interrupiatility, but we were able to demonstrate the complete library using a
cluster of four IBM 486DX/33 ®luePoint PCs under LinuxThe second public demonstration
was & the IEEE Supercomputing conference,vitaber 14-18, 1994 There, we demonstrated
the \ersion of TTL_RPERS discussed here;\ever, we ddn't just use a cluster of PCs under
Linux. We dso demonstrated the system using four IBMvBdCs under AIX and using four
DEC Alpha workstations under OSFDespite the dct that TTL_RPERS is a &ry simple and
cheap unit that communicates through the parallel printer port, these demonstrategsniea
far towad corvincing the research community that it isa'toy. TTL_PAPERS is a ery serious
introduction to a ne@ way of thinking about he processors in a parallel machine should interact.

The TTL_FRAPERS units will continue tovelve and improve; since the ®rst RPERS vas
built in February 1994 [DiM94], we h& cnstructed and tested six férfent types of RPERS
units. TTL_RAPERS systems will also seres a ®ftware testbed for a prototype supercomputer
based on the same barrier synchronization techn@oGyARDBoard, the Compileoriented
Architecture Research Demonstration Boa@ARDBoard difers from TTL_RPERS in that it
does not center on using PCs as processing elemantimply uses PCs as hosts for boards that
each incorporate four high-performance RISC processors along WwAMRERS-like synchroniza-
tion and communicationatility. Thus, CARDBoard will der much higher performance than
TTL_PAPERS, lut requires much more compland specialized hardave and softare.

In addition to the authors of this papemary students hee been ivolved in the deelop-
ment of RPERS and CARDBoardThese students include €hoe, T Chung, W Cohen, R.
Fisher S. Kim, G. Krisnamurtly, C. Sheldon, and J. Sponaugle.
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2. PCHardware

Although TTL_FAPERS preides \ery low lateny synchronization and communication, it
is interfaced to PCs using only a standard parallel printer port and is implemented with a minimal
amount of gternal hardwre. This section details the PC hardre irvolved in use of
TTL_PAPERS.

Throughout the follewing description, we will distinguish between stand-alone PCs and
PCs used as processors within a parallel machine by referring to the later & pR&s8ssing
elements. Thelesign presented here directly supports 4 PEs (PEO, PE1, PE2, and PE3), and we
also detail hev the design can be scaled to 8, 16, or 32 REdact, no signi®cant changes are
needed to scale the design to thousands of processors.

2.1. PEHardware Interface

No changes are required to readkandard PC hardave into a TTL_RPERS PE.All that
is needed is a standard parallel printer port and an appropriate gédthieugh some of the PCs
on the markt provide extended-functionality parallel ports that all@-bit bidirectional data con-
nections, may PCs pravide only an 8-bit data output connectiobike the original RPERS,
TTL_PAPERS can be used withyaRC; it uses only the functions supported by a standard unidi-
rectional parallel port.

But if there is no parallel input port, wodoes TTL_RAPERS get data into the PCPhe
answer lies in theafct that the 8-bit data output port is accompanied by 5 bits of status input and 4
bits of open-collector input/output (which are sometimes implemented as output onlyp on tw
other ports associated with the 8-bit data output poine way we use these lines, there are actu-
ally 12 bits of data output and 5 bits of data input.

All versions of both TTL_ APERS and RPERS use all 5wailable input lines. However,
the \arious ersions difer in hav mary and which of output signals are uselecause the open-
collector lines are generally not as wellver as the 8-bit data output lines and require access to
a dfferent port address, we generally use the open-collector lines only for signals that are modal,
i.e., that change relatly infrequently and can ka large settling times.The ‘ersion of
TTL_PAPERS discussed here uses 11 of thevhadle output lines, Wt only the 8-bit data out-
put port is written in the process of normal interactions with the TABBRS hardwre; the 3
other bits are used only for interrupt handling.

The pin/contact assignment for each of the lines used by TARERS is gien in Table 1.
Table 1 lists the pin numbers as yheppear on the PE'DB25 connector We recommend
directly connecting the cabkeWires to the TTL_RPERS circuit board; thus, it isewy useful to
know the color code used by the wireBable 1 includes a wiring color codédowever, we have
found that cables from dédrent manudcturers diier in some of the color assignments, so this
color code is to be considered only as an accurate guidenmahieo®rst group of prototypes is
wired.
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Table 1: DB25 Rarallel Port Pin Assignments
Pin#  Std. Name Use In TTL_RRAPERS Wte Color
Pin 1 Strobe P_NK, not interrupt ack Brown
Pin 2 DO P_DO0,bit 0 of output gbble Red
Pin 3 D1 P_D1,bit 1 of output gbble Orange
Pin 4 D2 P_D2 it 2 of output gbble Pink
Pin 5 D3 P_D3,bit 3 of output gbble Yellow
Pin 6 D4 P_LG,light LED Green Green
Pin 7 D5 P_LR,light LED Red Light Green
Pin 8 D6 P_SOstrobe P R¥to 0 Blue
Pin 9 D7 P_Sistrobe P R¥to 1 Rurple
Pin 10 | Ack P_13,bit 3 of input rybble Gray
Pin 11 | Busy P_RLDY, toggling ready signal White
Pin12 | PE P_12Dbit 2 of input rybble Black
Pin 13 | Slctin P_11bit 1 of input rybble Bravn, White stripe
Pin 14 | AutoFD P_IRQjnterrupt request Red, White stripe
Pin 15 | Error P_10,bit 0 of input rybble RedBlack stripe
Pin 16 | Init P_SEL,int/ready select Orange, White stripe
Pin 17 | Slct reserved Orange, Black stripe
Pin 18 | Gnd S Pink, Black stripe
Pin 19 | Gnd S Yellow, Black stripe
Pin 20 | Gnd S Green, White stripe
Pin21 | Gnd S Green, Black stripe
Pin 22 | Gnd S Blue, White stripe
Pin 23 | Gnd S Purple, White stripe
Pin 24 | Gnd S Gray, Black stripe
Pin 25 | Gnd S Black, White stripe

2.2. PEPort Bit Assignments

Although the parallel port hargwe is not altered toavk with TTL_FAPERS, the parallel
port lines are not used as yhwould be for dwing a Centronics-compatible printefhus, it is
necessary to replace the standard parallel parerdsbftware with a drer designed to interact
with TTL_PAPERS. DBwad this end, it is critical to understand which port addresses, and bits

within the port rgisters, correspond to each TTIAFERS signal.
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There are three portgisters associated with a PC parallel pdrhese rgisters hae /O
addresses corresponding to the port base address (henceforthPcBi@RTBASEplus 0, 1, or
2. Typically, P_PORTBASEHwill be one of 0x378, 0x278, or 0x3bc, corresponding to MS-DOS
printer named. PT1: , LPT2: , and LPT3: . Check the documentation for your PC system to
determine the appropriake PORTBASKalue for the parallel port that you are using as the-inter
face to TTL_RAPERS. Asa general rule, most PCs use 0x378 for thétin port, havever, IBM
PCs generally use 0x3bWorkstations based on processors other than the 386, 486, or Pentium,
e.g., DEC Alphas, also generally use Ox3baydwar, most of these processors map port I/@-re
isters into memory addresses, so you will need to replacmltfle andoutb() operations
with accesses to the memory locations that correspond to the speci®edjigtet 16 addresses.
For example, the PeerPC speci®cation places I/0 address 0x3bc gsipal memory location
0x800003bc.

Table 2: P_PORTBASH 0 Bit Assignments
Hex Mask  Usdn TTL_PAPERS Pir#
0x80 P _Slstrobe P R¥to 1l An 9
0x40 P_SOstrobe P_ R®¥to 0 An 8
0x20 P_LRJight LED Red Pin 7
0x10 P_LGJight LED Green Pin 6
0x08 P_D3hit 3 of output gbble | Pin5
0x04 P_D2hit 2 of output gbble | Pin4
0x02 P_D1pit 1 of output gbble | Pin3
0x01 P_DOhit O of output gbble | Pin2

The bit assignments for the ®rst porgister P_PORTBASE 0, are listed in B&ble 2.
Each bit in the mgister is identi®ed by its lxemask \alue, use in TTL_RPERS, and signal pin
number This register is used to send TTLAPERS both strobe and datalwes, as well as con-
trolling a bi-color LED (red/green Light Emitting Diode) on th&FERS front panel.

If a PC vants to mark itself as not participating in a group of barrier synchronizations, it
should simply output Oxcf; this corresponds to setting P_S1, P_S0, P_D3, P_D2, P_D1, and P_DO
all equal to 1.Notice that, if a PC is not connected to one of the TAPHERS cables, the TTL
inputs will all soat high, causing the missing PC to be harmlessly ignored in operations per
formed by the PCs still connecteth contrast, setting both P_S1 and P_SO0 to 0 will ensure that
all barrier operations halitn normal operation, each TTLAPERS operation is triggered by tog-
gling the P_S1 and P_SO lines between (P_S1=1, P_S0=0) and (P_S1=0, P_S0=1); this can be
done by simply xclusive-oring the preious output byte with (P_S1 | P_SO0).

A PC =nds data to TTL APERS by setting the outpuyloble bits appropriately and tog-
gling the strobe lines as described \abhoPerforming this operation as tngeps, ®rst changing
data bits then changing the strobe bits, can be done to increase the reliability of transmission.
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Data lines should begn time to settle before a weready signal is dered from the na strobe
signals. Changingtrobes and data simultaneously results in a race condition in which the data
bits hare nly about 20 nanoseconds 2head sB@’small enough main for mary systems to
perform unreliably

The P_LR and P_LG lines are simply used to control a bi-color LED to indicate the status
of the PC relatie o the currently recuting parallel programWhen TTL_RAPERS is not in use,
both bits should be set to 0, yielding a dark LBBhen a parallel program is running, the LED
should be lighted green, which is accomplished by making P_LG=1 and P_MR¥én a PC is
waiting for a barrierit should male its LED red by setting P_LG=0 and P_LR41is also possi-
ble to generate an orange status light by setting both P_LG and P_LR woaterhithis setting is
used only rarely (as a 2special® status indication).

Table 3: P_PORTBASE- 1 Bit Assignments
Hex Mask  Usdn TTL_PAPERS Pir¢
0x80 P_RD, toggling ready signal Pin 11 (irverted)
0x40 P_I3bit 3 of input rybble Pinl10
0x20 P_I2pit 2 of input rybble Pin12
0x10 P_l11Dbit 1 of input rybble Pinl3
0x08 P_l10bit O of input rybble Pinl5
0x04 unused, bt geneally 1 b
0x02 unused, bt geneally 1 b
0x01 unused, bt geneally 1 b

The second port gister P_PORTBASE- 1, was intended to be a status inpwgiseer but
is used to recee data from TTL_RPERS. Bitassignments for this gester are gien in Table 3.
Because some bits in the porgisters are used for aoti low sgnals when talking to a printer
these bits ha values that are the opposite of the actual signal on the corresponding pin; the
PAPERS signals are all de®ned in terms of the sense in whichdistererecords them,ub a
note appears if the sense of the signahierted at the pin.

To enhance the portability of TTL APERS to somghat non-standard parallel printer
ports, only these ®yhts are used as inpufour bits of data and one bit to act as a ready line.
Because 0x40 is the only bit that can be enabled to generate a true interrupt to the PCerearlier v
sions of RPERS made P_RDuse 0x40 so that theAPERS unit could generate a true haadsv
interrupt when a barrier synchronization had completddwever, this led to an incorenient
order for the bits of the inputybble, and we ner found a good use for the true haeder inter
rupt (because interrupt handlersv@ano much lateng), so the current arrangement raak
P_RDr use 0x80.The nav arrangement is superior not only becauseséps the bits of the input
nybble contiguous, Ut also because theviersion of P_RLY is harmless, whereas theviasion of
an input data line auld require gtra hardvare or softwre to «ip the iwerted data bit (e.g.,
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exclusive a with 0x80).

Note also that P_RDis a bggling ready signalThe original RPERS unit used softave
to @reset® the ready signal after each barrier synchronization had beesmddhigs requiring
four port operations for eactAPERS synchronizationBy simply toggling P_RF¥ when each
new barrier is achieed, TTL_FAPERS can perform barrier synchronizations using juetpovt
operations.

Table 4: P_PORTBASH 2 Bit Assignments
Hex Mask  Usdn TTL_PAPERS Pir#
0x80 unused b
0x40 unused b
0x20 unused b
0x10 unused, bt force 0 b
bit 3 reserved Pin 17 (irverted)
bit 2 P_SEL, int/ready select | Pin 16
bit 1 P_IRQ, interrupt request| Pin 14 (irverted)
bit 0 P_NAK, not interrupt ack| Pin 1 (irverted)

The third port rgiste; P_PORTBASE 2, is described in @ble 4. It sernes only one pur
pose for TTL_RPERS: paralleinterrupt support.Actually, for the reasons described earlier
TTL_PAPERS neer generates a 2real® interrupt to a Rdowever, parallel interrupts pnade a
mechanism for managing the use of the TTAPPRS unit in a more sophisticatedayy for
example: proiding a better TTL_RPERS 2acheck-in® procedurecflitating abnormal termina-
tion of parallel programs, implementing a ubmsel parallel ®lesystem, andsen gang scheduling
and parallel timesharing of the TTLAPERS unit.

To cause a parallel interrupt, a PC simply sets P_IRQ tddwever, other processors will
not notice that a parallel interrupt is pending unlesg éuplicitly check. This is done by chang-
ing P_SEL to 1, which causes the normal PYRBescribed abee) to be replaced by an interrupt
ready eag... until P_SEL is agin set to 0.Thus, ay PC can check for an interrupt atyatime
without interfering with the operation of other PCs; feample, while delayed aiting for a bar
rier, it is essentially harmless to check for an interrupb. encourage PCs to check for an inter
rupt, the interrupting PC can set its P_S1 and P_SO0 bits to 0 (se®, dbxing barriers to be
delayed. Whenll PCs set their P_AK to 0, this simply acts to perform a special interrupt bar
rier. The extended interrupt functionality is implemented by sending an interrupt code as a side-
effect of this special barrier
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3. TTL_PAPERS Hardware

Thus fr, this document has focused on thaywin which PC hardare interacts with
TTL_PAPERS. Inthis section, we briesy describe the hame that implements TTLAPERS
itself. TheTTL_PAPERS design has been carefully minimized to use just 8 standard TTL 74LS-
series parts and to ®t on a single-layer circuit bodifte result is a remarkably simple design that
is inexpensve 1o huild, yet fast to operate.

3.1. LogicDesign

The logic design for TTL_APERS is logically (and pisically) dvided into three subsys-
tems: thebarrier and interrupt mechanism, the agagre communication logic, and the LED dis-
play control. This section briesy gplains hev the required functionality is implemented by the
boards logic.

3.1.1. Barrier/Interrupt Hardware

Although the DBM (Dynamic Barrier MIMD) architecture presented in [CoD94] [CoD94b]
is far superior to the original DBM design as presented in [OKD90a], neither one is simple
enough to be @iciently implemented without using programmable logicvides. Thus,
TTL_PAPERS uses aaviation on the SBM (Static Barrier MIMD) design of [OKD90[he pri-
mary diference between the mieusly published SBM and the TTLAPERS mechanism is that
there are tw barrier trees rather than on&he reason is simply that the published SBM silently
assumed that the barrier haate would be reset between barriers, essentially by an 2anti bar
rier® In contrast, the use of wtrees allavs the hardware for one tree to be reset as a sidecef
of the other tree being used, halving the number of operations needed per Baithieof these
two trees are tvially implemented using a 74LS20, a dual 4-inp&N\D. Theresult is latched
by setting or resetting a 1-bitgister implemented using 1/2 of a 74LS74.

The interrupt logic is remarkably similar to the barrier logic, also using a 74LS20 and 1/2
of a 74LS74. However, there is a dierence in the connection between these chipgerrupt
requests are generated by &, and ackneledged by all PEs, while barrier synchronizations
are alvays implemented by all PEsThus, to iwvert the sense of the interrupt request output from
the NAND, the interrupt logic uses the simple trick of clocking the 1-lyister rather than set-
ting it asynchronouslyThis trick saes a dhip and actually yields a slightly more g interrupt
mechanism, because the interrupt is triggered by an edge rather thandby a le

Finally, because there are not enough input bits for each PE, thre & latched alues
must be independently selectable for each Plie olvious way to select betweeralues is using
a nultiplexor; howvever, there is no standard TTL 74LS-series part that implements selection
between tw individual bits. Instead, we construct the muligée using two quad driver chips
that hae individually tri-stateable outputsThe 74LS125 and 74LS126 f#if only in the sense of
their enable lines, thus, using the same select line to control one output on each ekifi pr¢
sible to simply wire both outputs togethednly the selected signal will be passed; the other
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line's driver will be in the tri-state high impedance state.

Notice also that this logic tiially can be scaled to lger machines.Every 4 PEs will
require a 74LS125 and a 74LS1Zbhe 74LS74 remains unchanged, although edahip may
be needed to increasanfout of the outputs for more than 8 processdise 74LS20 MND
gaes simply get replaced by ¢mr NAND trees. For example, for 8 processors, each 1/2 of a
74L.S20 is replaced by a 74LS30 (8 inpiND). For 16 processors, chip count is minimized by
implementing each AND tree using a 74LS134 (12-inpuANID) and 1/2 of a 74LS20, the out-
puts of which are combined using 1/4 of a 74LS32 (quad 2-input @Rpmevhat neater 16
processor board layout results from using 2 74LS30 and 1/4 of a 74LS32 for each ANtbe N
trees, and a 32 processor system can easily be constructed using 4 74LS30 and 3/4 of a 74LS32
for each MND tree. If you hare nore than 32 machines, we strongly recommeniitlimg
something éncier than a single SBM.

3.1.2. Aggegate Communication Hardvare

Although other ersions of RPERS preide internal data latching andrfoay communica-
tion primitives, TTL_FRAPERS simply diers NANDing of the 4 data bits across the processors.

In general, there is nothing trigkabout huilding these MND trees; thg look eactly as
described abge. Howeve, each NAND tree has an output that mustwrine line to each of the
processors, and the use of refdti long cables (up to about 10 feet each) requires a pretty good
TTL driver. For the case of 4 processors, it happens that the 74LS40 (dual 4-igit buffer)
provides su®cient drive © directly paver all 4 lines, although the signal transitions become
somevhat slav (e.g., about 300 nanoseconds) as the cables get loreglager system, we rec-
ommend constructing theAWD tree as described ab® and then using 74LS244 or 74LS541
octal drvers to increase the ae aility of the NAND outputs. With a typical cable, each der
within a 74L.S244 or 74LS541 can i to ebout 4 lines.

3.1.3. LEDDisplay Hardware

In the APERS prototypes, we ha experimented with a ariety of diferent status dis-
plays. Havever, by far the easiest display to understarabwne using just a single bi-color LED
for each processoiThe color code isery intuitive: green means running, red mearetimg (for
more than tw &lock® g/cles), and black means not in uSéhe problem is that there is novidl
way to derive these color choices directly from the barrier logic, thus, the LEDsxatieidy set
under softvare control.

There are a ariety of diferent types of bi-color LEDs, hever, the cheapest and most
common hae three-leads: pmer for each of the tw colors and a common groundecause
TTL can sink more than it can source, wewd rather hee £en a common peer input and sep-
arate grounds..oh well. The result is that each color of each LED mustaidyfwell driven,
and it isnt a good idea to makthe computer port directly dié the lights. Instead, a 74LS541 is
used. Br scaling, each 74LS541 can handle all the LERedr 4 processors.
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There is also a peer LED on the TTL_RPERS unit, and that actually yields a minor
complication. © avoid confusion with the rest of the status displdne TTL_FAPERS paver
LED is blue. Although blue LEDs are really nice, thdo not appear as bright as other colored
LEDs. Consequentjywe found that 1K Ohm resistors for dng the red/green bi-color LEDs
just about matched the brightness of a 330 Ohm resistor fangithe blue paver LED. Actu-
ally, green vas slightly darkr than red or blue with this &g, so perhaps the green LEDs should
be driven through about 800 OhmsIh ary case, you may ®nd that your LEDsfdif in bright-
ness from ours, so some playing with resisadu&s may be appropriate.

It is also worth mentioning that, if you can®nd appropriate bi-color LEDs, you can sim-
ply use red LEDs and ignore the green LED/@s. Likewise, if you cart ®nd an appropriate
blue LED for the pwer indicatora geen LED can be substituted.

3.2. PRarts List

The complete parts list for constructing a TTAPERS is gien in Table 5. The total parts
cost for a unit should be between $20 and $50, depending on the quantity and source for the parts.
For example, the cables can be purchased for less than $2 each via maibarden be more
than $20 each if purchased from some stows.grongly recommend checking prices fronvse
eral mail order sources for cables and other parts.

Along the same lines, if your computers do notehaused parallel printer ports, there is a
very wide range in the pricing of ISAuk parallel port cardsWe havefound a $7 card via malil
order that wrks ®ne; the $45 or more that yowwd spend for each card in some stored isn'
likely to uy you ary improvement in performanceln fact, if there is a speed fiifence between
the card and theuit-in port, it is harmless to use the \sker port for a printer while thea$ter
port is used for the TTL APERS connectionDo not use a port-switcher or similar vlee to
share a single porfTTL_PAPERS might not wrk with such deices.
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Table 5: TTL_PAPERS Rurts List
Used In Label Description Quantity
Box RedOak 1x4 (3/4" by 3 1/2") 9" +
Box Poplarlx4 (3/4" by 3 1/2") 912"+
Box Poplarscant board or Plyaod (1/4" by 3 1/2")| 11 1/4" +
Box 11/4" all-purpose scres 8
Cables 1025-wire Male DB25 to Male DB25 2
Display | U8 74L.S541, octal Buér 1
Display | D2-D5 3-lead Bi-Color Red/Green LED 4
Display | D1 Blue LED 1
Display | R2-R9 1K Ohm resistor 8
Display | R10 330 Ohm resistor 1
Logic PrintedCircuit Board (see Figures 11-13) 1
Logic ul,uU2 74L.S20dual 4-input MAND 2
Logic ue,u7 74L.S40dual 4-input MAND Buffer 2
Logic us 74L.S74, dual D Flip-Flop with Preset & Clear 1
Logic U3 7415125, quad fl-State Bus Buer 1
Logic U4 7415126, quad fl-State Bus Buer 1
Logic R1 1K Ohm resistor 1
Logic C1 0.001 microérad Capacitor 1
Powver 9-12volt, 200 ma AC to DC adaptor 1
Paver Paver receptacle (to match als) 1
Paver Groundpost (e.g., small soneeye) 1
Powver U9 7805, 5 wlt regulator 1
Powver C3,C4, C6-C8| 0.1 microfirad Capacitor 5
Paver C5 47 microfirad Capacitor 1
Paver Cc2 100 microfirad Capacitor 1
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3.3. Construction

Constructing a TTL_RPERS unit requiresuilding two separate items: the box and the
board. Becausthe board is directly wired to the cables (i.e., no connectors are used), and the
box acts as a mount for the circuit board, LEDS, ground post, and cables, it is much easier to
assemble the box ®rst and then assemble the bddrel.follonving two sections detail xactly
how the box and board can be constructed.

3.3.1. BuildingThe Box

TTL_PAPERS is housed in a&w simple hardwod case, &t a lot of people ask us, 2where
did you get the custom beg?° \éll, we designed andubt them. It isn't that difdcult. We
could use a standard metal or plastic cageth®y just are not as niceThe wooden bogs also
are cheaper because yhean simply be drilled to create mounts for LEDs, cables, amepo
connector B mounting hardwe is not needed.

The materials you will need to construct the TTAPERS box are listed inable 5. As
speci®ed, this constitutes between $5 and $afthvof hardwod lumber; havever, dmost ary
hardwood, or @en pine, can be substituted for the 1x4 Red Oak and Roplad Oak vas
selected because it iseny durable and yields a beautiful natural ®nish; Poplas welected
because it is cheap and alsoesyvdurable.

Throughout the construction, be sure to read, understand, ana &illleafety instructions
and be sure to wear safety glassé&odworking isnt particularly dangerous,ub doing stupid
things with paver tools can lead to serious injuries.

Figures 1 and 2 skothe front viev and right side vier of the completed boxFigures 3
through 10 shw the indvidual pieces that are assembled to etk box, including the positions
of rabbets, holes, and sareountersink holesAlthough these ®gures were generatedylyff
and pic using the ract dimensions of the pieces, the processing through these tools and a
postscript interpreter is Ity to result in printed output that doast maintain the precise dimen-
sions. Checkhe actual dimensions before you use these ®gures as templdteserror is less
than 1/16" wer a 6' span, directly using the ®gures as templates is alylito cause serious prob-
lems in assembling the box.
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Figure I Assembled TTL_RPERS Box (Front \éw) 3 1/2" x 6"
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Figure 2 Assembled TTL_RPERS Box (Right Yéw) 5" x 6"
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Figure 3 Front Ranel 3 1/2" x 6" x 3/4"
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Figure 4 Base (Dp View) 3 1/2" x 3 1/2" x 3/4", rabbets shaded

Figure 5 Base (Front \éw) 3 1/2" x 3 1/2" x 3/4"
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Figure 6 Cover Back 3 1/2" x 3" x 3/4"
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Figure 7. Base Back 3 1/2" x 3" x 3/4"
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Figure 8 Cover Right Side 3 1/2" x 5 5/8" x 1/4"
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Figure @ Cover Left Side 3 1/2" x 5 5/8" x 1/4"
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Figure 10: Cover Top 3 1/2" x 3" x 3/4"
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The following step-by-step instructions are for making a single TRPERS box. Recall

that the parts list is gén in Table 5 and that Figures 3 through 1@egiemplates for the indid-

ual pieces of wod after thg havebeen cut to sizeRead through all the steps before yogibe
construction. Ifmore than one box is beingily, it is generally easier and safer to perform step
[2] before cutting the Poplar 1x4 to length.

[1]

(2]

(3]

Using a miter box or some other crosscuirsanake the folloving 9C° cuts. Cutthe Red
Oak 1x4 to ma& two pieces, one 6" long and one 3" lon@ut the Poplar 1x4 to mak
three pieces, tw 3" long and one 3 1/2" longCut the poplar scant board to neakvo
pieces, each 5 5/8" long.

The 3 1/2" long piece of Poplar will become the base of the box (Figures 4 aral &)der

to prevent the box ceer diding from side to side, a rabbet is cut into each side of the base.
This rabbet should be 3/8" deep and 1/4" widée best \ay to male these rabbets is to
use a router table, tablevgaor radial arm sa, dthough a router with a rabbeting bit will
suf®ce. You may ®nd it easier to cut the rabble¢fore cutting the Poplar 1x4 to the 3 1/2"
length.

You've row got a lot of drilling to do. A drill press is recommendeduba hand-held
power drill can suBce. You can use the diagrams pided in this document as templates
to align your holes, it you will need to determine the appropriate drill sizes based on the
particular parts you are usind\lways use a baak board and/or masking tape to reduce
splintering when drilling.The holes to drill are:

Five holes for the LEDs on the front panel (Red Oak 6" piecevstio Figure 3).

These holes should ®rst be drilled from the front so that the LEDs are a snug ®t and
cannot be pushed through the panel (there is a little @lip°® at the base of each LED that
is slightly wider and thus acts as a stopext, the panel is "ipped and a slightly
larger drill is used to widen each hole to a depth of about IVR& resulting holes

will allow the LEDs to be inserted from the back of the panel so thatatke ush

with the front of the panel, with the lip on each LED ®rmly seatexnsg the point
where the hole narves.

Four holes for the cables on the back panel (Red Oak 3" piees shd-igure 7).
These holes should be drilled to precisely match the outside diameter of the cables
being used, so that each cable has to bekda® through.

One hole for the pwer receptacle on the back panel (Red Oak 3" piecgrshioFig-

ure 7). These receptacles come in a wideiety of shapes and sizes, some of which
are much easier to mount than othefse plastic receptacle wevsauwsed on man

of the TTL_RAPERS bors requires aary small hole that is partly squared-Bf

not a serious problem if you happen towda nortising jig, lut nearly impossible
otherwise. W recommend using a circular metal receptacle ttzegt eesigned for a
panel mount with a locking nut; simply drill the hole taetly match the size of the
threaded portion of the receptacleater, when you are assembling the box, you will

Page 24



December 2, 1994 TTL_PAPERS

[4]

[5]

[6]

[7]

be able to scre-in the receptacle, with the metal thread acting as a tap to cut a
matching thread in the hardwd.

Eight countersink holes for the sare that will hold the assembly together ¢taach
on the Red Oak 6" sk in Figure 3, Red Oak 3" siva in Figure 7, and the Poplar
5 5/8" pieces shwn in Figures 8 and 9).

Having completed the abe, the box is ready for assembly;viever, it is generally easier

to do some of the ®nishark on the parts before thare assembledThus, this is a good
time to sand and paint the component pafise Poplar parts (Figures 4 and 5, 6, 8, 9, and
10) are gien a mat of black paint, the Red Oak parts (Figures 3 and 7) wee gimat of
sanding sealer

Assemblethe lover half of the box.Before assembyinstall the ground post in the center

of the base Next, butter one end of the base Poplar 3 1/2" piece (Figures 4 and 5) with yel-
low carpenters gue and clamp it at near the edge of a taBlesition the front panel Red
Oak 6" piece (Figure 3) and sarét into the base Rotate this unit, glue, and sare¢he

back panel Red Oak 3" piece (Figure 7) onto the base.

Assemblethe cwer of the box. The two dde Poplar 5 5/8" pieces (Figures 8 and 9) ought

to rest snuglywith the countersink holes at the top edge, in the rabbets between the front
and back panels.but they probably dont quite ®t. Use a pwer sanderplane, or joiner to
shave hem to a good ®tYou may also hee © ®ne-tune the length of these pieces so that
they match each otherNext, talke ane of the Poplar 3" pieces (Figure 10) and glue and
scrav the side pieces to it much as you did for thvedohalf of the box in step [S]Finally,

to assemble the upper back piece of theegday the box on its front panel with theveo

in place and position, glue, and clamp the last Poplar 3" piece (FiguRetr to Figure 2

to see the assembledven Because the e@r is painted black, a multitude of minor align-
ment errors tend to be hidden....

Oncethe glue has set,\@ the box a ®nal sanding and ®nishinGenerally you'll have ©
retouch the black at least where you had trimmed the side pdhtie.box is lilkely to be
handled often, we suggestvigig the entire box a ¥e coats of a satin ®nish clear
polyurethane Bhis yields a nice, hard, ®nish that is both tougher and more consistent than
if some parts were just painted blagkne other issue to consider at this time is RF shield-
ing; wood is not conduate, so you might want to use a condugé mint or to glue alu-
minum foil on the inside of the boxBecause there are typically no signalsrcabout
1MHz within the TTL_RAPERS unit, shielding should not be a major issue.

Notice that the completed box consists obteeparate pieces; the \@ is ot permanently
attached to the baséf desired, a strip of ®lcro can be used to hold theotwnits together by the
seam between the w& and base at the back of the unklowever, the interlocking ®t of the
cover and base mads a astener unnecessary unless the box will be handled often.
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3.3.2. BuildingThe Board

All the circuitry for the complete TTL APERS unit, including the logic, display compo-
nents, and peer conditioning, ®ts on a 2 1/2" by 4" single-layer circuit boakdide from turn-
ing-off auto-routing and designing the board traces by handydrieks were needed to accom-
plish this minor miracle:

Had we used standard circuit-board-mount DB25 connectors for each of the cables, the
board would hare keen much morexpensve, larger, and would hare required at least tw

layers. Havever, by bringing each wire from each cable separately and directly to the posi-
tion where the signal is used on the board, a single lay®casiffor all lit one connection.

A single jumper (mar&d J1) implements this connection.

One of the chips, namely the LED i, is turned side/ays relatve o the other chips.

The display LEDs are mounted on the back side of the circuit bdarother words, the

side that doeshhavethe chips on it has the LEDs sticking up by about 3/ius, when

the board-mounted LEDs are aligned with and inserted into the corresponding holes in the
back side of the front panel of the box, the front of the LEDs is "ush with the front of the
front panel when the back of the circuit board is "ushire the back of the front panel.
Soldering the LEDs onto the back side of the circuit board vemy dif®cult because the
leads are so long, and this LED mountingasyvefective.

The result is aery inexpensve board that can be made using just the most basic etching materi-
als (e.g., as found in Radio Shack) and a small drill press with which to drill the holes.

The board isdirly easy to bild, but be \ery careful to follw the instructions, because
some steps just cannot be done ig ater order For example, you cannot install the jumper
(step 4) after populating the board (step 5kewise, you cannot connect the cables (step 7) and
then pass them through the holes in the box (stefl&.construction procedure is:

[1] Usingthe 2X board image gén in Fgure 11, etch a 2 1/2" by 4" single-sided circuit board.
The words 8TTL RPERS® should be etched such thatytread correctly when weed
directly on the solder side of the board.

[2] Although Figure 13 pruides a label mask that is suitable for use as a component-side
silkscreen, thex@ense of silkscreening is not need&ou could do the silkscreen mo but
we suggest simply using Figure 13 as a guide during assembly

[3] Usingthe 2X drilling mask gien in FHgure 12 as a guide, drill the holes in the bo&(ifl.
you will be manually drilling the holes, you might ®nd it easier to combine Figures 11 and
12 to produce an getive lole mask that can be etched along with the board traces.)

[4] Remembethe J1 jumper we mentioned beforétstall this jumper before you installyan
other parts.One of the holes for this jumper is directly underneath an IC in the ®nished
board, so you should use thin wire for this jumpmay., 30-quge wire-wrap wire orks
®ne.
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[5]

[6]

[7]

[8]

[9]

Populatethe board. Figure 13 gies the component-side label mask, and both Figure 14
(the circuit diagram) andable 5 (the parts list) cross-reference these labels with the com-
ponents the represent. Becauseost of these chips cost less than st&land TTL parts

are relatiely robust, all the ICs can be soldered directly to the boAtdo insert the 7805,
capacitors, and resistors as netknote that resistor R1 should be inserted standirtg v
cally rather than laying at on the boards mentioned earliethe LEDs are installed
about 3/4" high dfthe solder side of the boar@e sure that the orientation is correct for
7805, electrolytic capacitors, LEDs, and ICs -- °18ftation might still ®t, kit it will not

work for these parts.

Preparghe cables.The cables are purchased as 10' cables with a male DB25 connector on
each end, so the ®rst step is to cut each of thecables in half, yielding four cables that
each hge a nale DB25 on one end and a clean cut on the otherRad. the clean cut end

of each cable through one of the tight-®tting holes you drilled in the back of theNomx.

strip the cable sheath back about 6" on each cable, and cut the sheath and sigjding a
from the wires.Now is dso a good time to strip each wire (and to tin it with sglderou

wish); strip the wires only about 1/8".

Determinethe correct cable color cod&ach cable should contain 25 wires, one connected
to each pin on the DBZ5 if it doesnt, you cannot use the cable yowéa Generally

these cables use colooded wires, bt there is no real standard for which color goes to
which pin. Consequentlydthough Tble 1 preides the color code thatas used on the
cables for the ®rst TTL APERS boxs we hilt, your cables probably dér by at least a

few color assignmentsUse a continuity cheek to determine hw your cables wlor code
differs from the one listed inable 1, and makyour ovn corrected &rsion of Rble 1.
Using that table along with Figure 13, it is a simple matter to determine which wire carries
each signal.

Connectthe cables to the ground po$df the 25 wires in each cable, 8 are signal ground
connections. W drongly recommend creating a single-point ground connection for all the
cables and the par supply connectionDo this by collecting the eight signal ground
wires from each cable, stripping the wires about 3/8", twisting them together,tigtutly
soldering each twisted group directly to the ground post.

Connectthe cables to the boardt this time, you hae the somehat daunting task of con-
necting the remaining wires from the cables to the appropriate (and apparently randomly
located) spots on the board@his really is not as bad a problem as it seemsnéatness
counts! W5 recommend that you connect one signal for all cables beforignon to the

next signal, and further suggest that you loosely twist the last salile’ around the same
signal wires from the other cablesbout 3 times around the other wires is®&tiknt to

keep the wires together as a group.

Notice that, for most wires, the order of connection of the wires from tfezatif cables
(i.e., processors) does not matter; fgample, the order of inputs to aAND gate is
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irrelevant to the MAND operation. The cable (i.e., processor) number is used as@xti
the label for the four signals that are order sesgsitie., SEL, RLY, LG, and LR).Because
TTL_PAPERS doesn'use one of the signals, you shouldrédour wires left unconnected
when you are done; wrap these indually in electrical tape and tape thenich to inside
base of the box.

[10] Make the paver and ground connection€onnect a 6" lead to the er receptacls’
power and a 3" lead to the wer receptacle’ gound, then install the per receptacle in
the box. Next, solder the 3" ground wire to the ground post in the base of theNbext,
solder a 4" ground wire from the ground post to the ground connection point on the circuit
board. Finally loosely twist the 6" pwer lead around the 4" ground wire you just con-
nected, and solder the 6"wer lead to the pger input point on the circuit board.

[11] Completethe mounting of the board in the bokXhe board itself probably needs no mount-
ing hardvare; simply line-up the LEDs with the holes in the back of the front panel and
press the board at aigst the back of the front pan€lhe force of the wires agnst the
board and the ®t of the LEDs in their mounting holes will tend to hold the board in place,
but a couple of pieces of &lcro or a small scvethrough each of the vmounting holes in
the board will ensure that the board stays in pladgkewise, the heay connections to the
ground post essentially ensure that the cables will not pull atita lsmall dab of super
glue, or a thin wrapper around the cables just aftgrehter the box, will preide an gen
safer mount.

As for the box, you may ®nd that some things become easier if yowikdadp more than one
TTL_PAPERS board at a timeg-or example, if you will be hilding several units, purchasing all
the cables from one batch will aNoyou to use the same color code for all thedsox
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Figure 12: Circuit Board Holes, 2X Plot
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Figure 13: Circuit Board Labels, 2X Plot
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Figure 14: TTL_PAPERS Circuit Diagram
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4. PAPERS Software

Although TTL_RAPERS will be supported by ariety of softvare tools including public
domain compilers for parallel dialects of both C apndifan [DiO92] [CoD94a], in this document
we restrict our discussion to the most basic hardvievel interface. Thecode gven is written in
C (the ANSI C-based dialect accepted by GCC) and is intended to be run underaerived
operating systemHowever, this interfice softvare can be adapted to mogiséing (sequential)
language compilers and interpreters under neaglyoperating system.

The followving sections discuss the operating system ime;f TTL_RPERS port access,
the basic barrier inteaite, and h@ NANDing is used to implement data communication.

4.1. OperatingSystem Interface

Although it would certainly be possible to implement the TTAPERS softvare interbce
as part of an operating systamkernel, typical latencfor a minimal system call is between 5 and
50 times the typical lategdor the TTL_RAPERS hardwre port operationd layering @erhead
of a system call for each TTLAPERS operation wuld destry the lov lateny performance.
Thus, the primary purpose of the OS iraed is to obtain direct uskavel access to the ports that
connectto TTL_RPERS.

On older architectures, such as the 8080 and Z80, direct user access #s|A2cam-
plished by simply using the port I/O instructions or by accessing the memory locations that corre-
sponded to the desired memory-mapped |/@ogeragisters. Thingsare nev a kit more com-
plex. Usinga FC based on the 386, 486, or Pentium procegswt I/O instructions are mopro-
tected operationsSimilarly, processors lik the DEC Alpha, P@erPC, and S®RC use memory
mapped I/O, bt physical addresses corresponding to 1/0 ports generally are not mapped into the
virtual address space of a user procdssne of these problems iatél, kut it can tak quite a
while to ®gure out hw to get things verking right, and you might e t write your avn kernel
driver to set things up.

Thus, although the parallel printer port can be directly accessed under most operating sys-
tems, here we focus onwdo gain direct user process access to I/O ports on a 386, 486, or Pen-
tium-based personal computer running either gemavix or Linux.

4.1.1. GeneriouNIX

In general UNIX allows user processes toveadrect access to all /0 @iEzes. Havever,
only processes that vm a sif®ciently high 1/O priority leel can male uch accessesfurther
only a prvileged process can increase its 1/O priorigel® by callingiopl() . The following
C code su®ces:
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if (iopl(3)) {
* iopl failed, implying we were not priv */
exit(1);

}

But bavare! Thiscall grants the user program accesaltd/O, including a multitude of unre-
lated ports.

In fact, this call allers the process tokecute instructions enabling and disabling interrupts.
By disabling interrupts, it is possible to ensure that all processmisdéal in a barrier synchro-
nization act precisely in unison; thus, thverage number of port operations (barrier synchroniza-
tions) needed to accomplish some TTRPERS operations can be reducddowever, back-
ground scheduling of DMA déces (e.g., disks) and other interference esalt hard to be sure
that auNIX system will preide precise timing constraintyem when interrupts are disabled, so
we do not adecate disabling interrupts.

Even so, performance of the barrier haage/can be safely impred by causingunix to
give priority to a process that isaiting for a barrier synchronizatiohis improes performance
because if anone PE is dfrunning a process that has nothing to do with the synchronization,
then all PEs trying to synchronize with that PE will be delayHute priority of a prilegeduNix
process can increased by a caklik

[* set priority just below critical OS code */
nice(-20);

The agument tanice()  should be a rgetive value between -20 and -1.

4.1.2. Linux

Although Linux supports theNix interface described in the mieus section, it also pro-
vides a more secureay to obtain access to the I/Ovims. Theioperm() function allavs a
privileged process to obtain access to only the speci®ed port or pbesC code:

if (ioperm(P_PORTBASE, 3, 1)) {
/* like iopl, failure implies we were not priv */
exit(1);

}

Would obtain access for 3 ports starting at a base port addr@sPARTBASE Better still, if
the operating system is managing all parallel program interrupts, only the ®rpbris need to
be accessible:
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if (ioperm(P_PORTBASE, 2, 1)) {
/* like iopl, failure implies we were not priv */
exit(1);

Because the 386/486/Pentium haadev checks port permissions, this security does not
destry port 1/O performance; hever, checking the permission bits does add sowerhead.
For a typical PC parallel printer port, the additionaledhead is just a f@ percent, and is proba-
bly worthwhile for user programs.

4.2. Port Access

Although Linux and mostersions ofuNix provide routines for port access, these routines
often pravide a hiilt-in delay loop to ensure that port states do not chaagjerfthan thex¢ernal
device can gamine the stateConsequentlythe TTL_FAPERS support code uses itsrodirect
assembly language 1/O call$he code is:

inline unsigned int
inb(unsigned short port)
{
unsigned char _v;
asm__ _ volatile__ ("inb %w1,%b0"
M=a" (L)
"d" (port), "0" (0));
return(_v);

inline void
outb(unsigned char value,
unsigned short port)

{

__asm__ __ volatile__ ("outb %b0,%w1"
:/ * no outputs */
"a" (value), "d" (port));

}

The basic TTL_RPERS interéce is thus de®ned in terms of the \abgport operations on gnof

three parallel printer port intexfe rgisters. The following de®nitions assume that
P_PORTBASHsas already been set to the base 1/0 address for the port, which is generally 0x378
on PC clones and 0x3bc for IBMaMiePoint PCs.
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[* Stuff concerning the regular output port...
*/
#define P_OUT(x) \
outb(((unsigned char)(x)), \
((unsigned short) P_PORTBASE))

#define P_S1 0x80 [* Strobe RDY -> 1 */
#define P_S0 0x40 /* Strobe RDY -> 0 */
#define P_S (P_SO|P_S1) [* Strobe Mask */
#define P_LR 0x20 /* LED Red */
#define P_LG 0x10 /* LED Green */
#define P_LY (P_LG | P_LR) /* LED Yellow (Red + Green) */
#define P_LB 0x00 /* LED Black */
#define P_D3 0x08 /* Data Bit 3 Value */
#define P_D2 0x04 /* Data Bit 2 Value */
#define P_D1 0x02 /* Data Bit 1 Value */
#define P_DO0O 0x01 /* Data Bit 0 Value */
I* Stuff concerning the input port...

*/
#define P_IN() \
inb((unsigned short) (P_PORTBASE + 1))

#define P_RDY 0x80 /* Ready*

#define P_INT 0x80 /*  INTerrupt */

#define P_I3 0x40 /* PE3P_D bit*

#define P_12 0x20 /* PE2P_D bit*/

#define P_I1 0x10 /* PE1 P_D bit*/

#define P_10 0x08 /* PEOP_D bit*/

#define P_IN_MASK 0x78 /* Mask for all the above bits */
I* Stuff concerning the mode port...

*/
#define P_MODE(x) \
outb(((unsigned char)(x)), \
((unsigned short) (P_PORTBASE + 2)))
#define P_SEL 0x04 /* INT/RDY SELect */
#define P_IRQ 0x02 /* Interrupt ReQuest */
#define P_NAK 0x01 /* Not interrupt AcKnowledge */

It is important to note thatyven though the TTL_RPERS hardwre interrupt mechanism
does not hae © be wsed, it is necessary thatyaprocessor connected to TTLAPERS set the
mode port so that thle_RDYbit, and noP_INT , is visible. Thiscan be done byxecuting:
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P_MODE(P_NAK);
As part of the TTL_RPERS initialization code.

4.3. Barrier Interface

Logically, each barrier synchronization consists obteperations, signaling that we are at
a harrier and witing to be signaled that the barrier synchronization has complatgehugh the
TTL_PAPERS library generally combines these operations, here we discuss theonsaganate
chunks of codeThe code for signaling that we are at a barrier is simply:

P_OUT(last_out ~=P_S);

This code just ips the sense of both strobe Bscausdast out s initialized to hae aly
one of the strobe bits high, this has theectfof alternating betweed_S0 andP_S1. Nothing
else is changed, including the output data bits.

The code that actuallyaits for the barrier synchronization to completeoimes a &ir bit
of logic, even though typically only a f& instructions arexecuted. Thereason that there is so
much code has to do with three features of the TAPHRS interhce. The®rst complication is
that the ready signal toggles, rather thamags going to the samealue. Thesecond complica-
tion is that the status LEDs are sadte controlled.The third complication is that weant to
check for an interrupt whewer a barrier is &cessvely delayed. The resulting code is something
like:

/* Which condition am | waiting for? */
if (last_out & P_S0) {
/* Waiting for P_RDY */
if ((P_IN() & P_RDY)) && ({(P_IN() & P_RDY))) {
/* Polled twice, make LED red */
P_OUT(last_out*= (P_LG | P_LR));
[* Continue waiting */
while (I(P_IN() & P_RDY)) CHECKINT;
/* Ok, LED green again */
P_OUT(last_out = (P_LG | P_LR));
}
} else{
/* Waiting for not P_RDY */
if (P_IN() & P_RDY) && (P_IN() & P_RDY)) {
/* Polled twice, make LED red */
P_OUT(last_out*= (P_LG | P_LR));
[* Continue waiting */
while (P_IN() & P_RDY) CHECKINT;
/* Ok, LED green again */
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P_OUT(last_out A= (P_LG | P_LR)):

}

In the initial version of the support librarCHECKINTis nothingb TTL_PAPERS interrupts are
not used.However, we can easily check for an interrupt by de®nibgECKINTas:

{
/* Make P_INT status visible */

P_MODE(P_SEL | P_NAK);
/* Check for interrupt */
if (P_IN() & P_INT) {
/* Process the interrupt.... */
} else{
/* Restore P_RDY */
P_MODE(P_NAK);

4.4, NAND Data Communication

Although the TTL_RPERS library pruides a rich array of agggee communication
operations, all that the hardve really does is a simple 4-biAND as a side-ééct of a barrier
synchronization. Heoever, this operation typically requires 5 port accesses rather than just the 2
port accesses used to implement a barrier synchronization without data communi€agon.
extra port operations are required because:

When a PE changes one or more of its output data bits, the APERS hardwre
NANDs in the nw data, immediately changing the input data bits for all PHuus, if one

PE getsdr enough ahead of another PE, it could change the data beforentbeRlb has

been able to read the preus NAND result. If interrupts are disabled and an initial ordi-
nary barrier synchronization is performed, then a block of data can be transmitted safely
using static timing analysis alone to ensure that this race condition does notdwfarr
tunately it isn't practical to disable interrupts undexix, so the safe solution is to folo

each data transmitting barrier with an ordinary barrier that ensures all PEshd the

data before anPE can change the dat&his adds 2 port operations.

The TTL_FAPERS hardwre is fed both data and strobe signals on the same Taus,
data and strobe signals change simultaneously they race through the cables to the
TTL_PAPERS logic and back out the cables, the TIAPERS logic should ge the
NAND data at least a 20 nanosecond leag the toggling of theP_RDYbit, but is 20
nanoseconds enough to ensure that tABIDI data doesi'lose the race¥ell, it depends

on the implementation of the PC port haadesand the electrical properties of the cables...
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which is another ay of saying that the race is@cceptable. Aradditional port operation
is used to ensure that the data wins the race.

There are tw possible vays to insert thext¢ra operation.One way is to double the output
operation, so that we ®rst change the data and then toggle the sttobdias the adn-
tage that only PEs that are actually changing their datédmeed to insert thiea opera-
tion. If only early PEs change their data, we deak ay delay; havever, the asymmetry
of the PE operations can actually result in more delay than if Xtne eperation \a&s
always inserted. The other alternaté is to resample the AND data \alue afterP_RDY
has signaled it is presenthis is somehat more reliable than the doubling of the output
operation, ht the delay is alays present for anPE that reads the data.

In ary case, the result is that a barrier synchronization accompanied by agaggmmmunica-
tion will take 5 port operations.For example, to perform a reliableAND with our contritution
being the 4-bit &luex, we could ®rst:

last_out = ((last_out & 0xf0) | X);

This sets the ne data bits so that a barrier synchronization will transmit them along with the
strobe. Thenext step is to perform a barrier synchronization, precisely as described in section
4.3. Harving completed the barriewe know that the M\ND data should n@ be valid, so we
resample it:

nand_esult = P_IN();

Finally, a ®cond barrier synchronization is performed to ensure that no PE changes its output
data until aftereeryone has read the currenAND data.

Notice thathand_esultis actually an 8-bit alue with the MAND data embedded within it;
thus, to &tract the 4-bit result we simply use:

(( nand_esult >> 3) & 0x0f)

All the TTL_PAPERS library communication operations at@ttupon this communication
mechanism. &r example, ANY ALL, and voting operations require just one such operation, or 5
port accessesLarger operations, such as an 8-bit global OR, 8-bit global AND, or broadcast
require 2 of the ab@ ransmission sequences, or 10 port accesses.

Page 39



TTL_PAPERS Decembez, 1994

5. Conclusion

In this paperwe havepresented the complete public domain design of the TARERS
hardware. Thisdesign represents the simplest possible mechanisn®tieetly support barrier
synchronization, agggete communication, and group interrupt capabiliflessing unmodi®ed
cornventional workstations or personal computers as the processing elements of a ®ne-grain paral-
lel machine.We d not view TTL_PAPERS as the ultimate mechanismt ather as an introduc-
tory step tavard the more general and higher performance barrier andgatgy@mmmunication
engines that he been at the core of our research since 1987 lkey ting to remember about
TTL_PAPERS is not what it is,ut rathemwhyit is.

Whyis TTL_PAPERS so much leer lateng than other netarks? Becausit doesnt have
a layered hardare and softare interbce. Whyis the hardwre so simpleBecause it ist'a ret-
work; the fact that TTL_RPERS communications are a sidéet of barrier synchronization
eliminates the need fouHering, routing, arbitration, etcWhyis it useful? Because, although
shared memory and message passing terlig \ery common, the most popular highdelan-
guage and compiler models for parallelism are all based ongatg@eration® exactly what
TTL_PAPERS preides. Furtherbarrier synchronization is theei o ®ciently implementing
MIMD, SIMD, and VLIW mixed-mode eecution. Whydidn't somebody do it earlier3Ve and
others did. The problem is that tightly coupled design of hamdsvand compiler is not the stan-
dard vay to liild systems, so earlier designs (e.\S®, TMC CM-5) tended to use too much
hardware and intedce softvare, cost too much, and perform too poorlihy is it public
domain? Wo reasons: (1) Purdue Um¥sity didn't want to patent the basic mechanism back in
1987 and (2) we are primarily interested in the related compiler technaud)\having more
appropriate hardare maks our compiler wrk more \aluable (i.e., more publishable).

Higherperformance ersions of RPERS are on the ay. In fact, this TTL_RPERS
design is the sixthAPERS design we ke huilt and tested, and three of the other designs easily
outperform it... but they use much more hardwe. W ae currently varking on a smart parallel
port card for the ISA ts that will roughly quadruple the performance of TTAPERS without
ary change to its hardare. W& are also pursuingersions of the highgserformance designs
based on @xas Instruments FPGAS, and anticipate a PCI im¢erfo future RPERS units.Also
watch for releases of arious compilers tgeting RAPERS. The email serer at
papers@ecn.purdue.edu will be the primary place for announcing and disttibg future
releases of both haréwre and softare.
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