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THE PRINGLE PARALLEL COMPUTER

Alejandro Kepauan
J. Timothy Field
Dennis B. Gannon

Purdue University

Lawrence Snyder
University of Washington

Abstract

The Pringle is a 64 processor MIMD computer with a
64 M (8 bit) instructions per second execution rate.
(Copies are running at Purdue and Wuhin'ton.)ﬁ?)
Pringle runs programs written for the Coafigurable,
Highly Parallel (CHiP) Computer. That is, the
Priagle executes the 64 separate instruction streams as
well as the interconnection (phase) stream that con-
figures the lattice of a 64 processor CHiP computer.
But the Pringle is not a CHiP. It gives the illusion of
the CHiP machine’s conflict-free, point-to-point com-
munication using a 64 Mbit internal polled bus. In
addition to describing the design goals and the
Pringle architecture, this paper idestifies two
problems common %0 novel architecture implemen-
tation projects, the of experience lem
and the™single instance” problem, and enptins how
4hey were addressed for the Pringle. i

0’“)"' ns
1. Introduction \

Computer architects, especially those concerned
with parallel computers, are oftea criticized for oaly
producing paper desigas, for mever implementing
their ideas. In their defense, however, there are two
problems with implementing a computer desiga be-
sides the obvious one of haviag to expend enormous
amounats of time aad money:

(1) Wisdom-of -experience problem. Even
aftes extensive simulation, making the cor-
roct desiga choices often requires the ex-
perience of having used the machine ex-
tensively - ome must have ose to build

which Ressarch
uoder Countracts NO0O14-00-K-0816, NODDN4-81-K-0360 (Special
Research Opportusitios Task SRO-100), snd NOOD14-84-K-0143.

(ii) Single-instance problem. The construc-

tion of a computer demonstrates only one

set of design choices — all other design al-

ternatives remain uaexplored.
So architects risk their time and money on a com-
puter implementatioa that, by (i), involves certain
design decisions they don't have the experience to
make and that, by (ii), may be inconclusive in terms
of revealing what the proper desiga decisions should
have been. No woader very few novel architectures

are actually implemented.

The Pringle is a 64 processor MIMD architecture
that Aas been implemented. It runs programs written
for the Configurable, Highly Parallel (CHiP)
Computer.)? The Pringle avoids problem (i) and
solves problem (ii) for the CHiP® machine. To ex-
plain, consider the following.

The CHiP Computer is a bighly paralle} architec-
ture that has beea designed to exploit VLSI im-
plementation. It is especially sensitive to the wisdom-
of-experience problem: Each chip of the CHiP Com-
puter will coatain processor(s), memory and switching
facilities. This forces all major tystem componeats to
compete for the same resource, silicon. Since thers
are significant trade-offs (described in detail below),
striking & balance amoag those competing com-
ponents requires extensive experience running CHiP
Computer programs. Software emulatioa is quickly
overwhelmed, 30, a computer to execute CHiIP
programs is needed ia order to desiga the CHiP Com-
puter.

‘A brief description of the CHIP architecture is in
poadix A. : gea e Ap
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The Pringle is such a computer. It avoids (to a
large degree) the wisdom of experience problem be-
cause the Pringle is aot a CHiP. It implements the
CHIP architecture in such a way that questioas such
as balancing the use of silicon among competitors do
not arise.” But it does evea more. The Pringle solves
the single-instance problem because it provides direct
hardware emulation of an interesting variety of CHiP
architectures reflecting maay combinations of- design
choices. Thus, the Pringle aot oaly gives us a parallel
computer on which to run CHIP programs, it does so
in a way that does not require uninformed design
choices, and does permit an exploration of the design
space.

The Pringle appears to stack up as a better com-
puter than the CHIP, but it is not really better, just
different. The key to avoiding problem (i) and solv-
ing problem (ii) is a 64 Mbit/sec. polled bus, called
the Switch (see Figure 1 and Table 1). But this struc-
ture will not generalize to arbitrarily many proces-
sors, while the lattice of the CHIP architecture will,
Nevertheless, the Pringle architecture has intrinsic in-
terest, and serves as a case study of how a
preprototype can deflect the wisdom-of-experience
and the single-instance problems for a new machine.

Central
Controller
S
=T =
| ¢
==
) c
[ ]
) H
PE &3

Figure 1. Schematic diagram of the
Pringle showiag the processing elements
(PEs) aad the Switch, implemented as a
polled bus. (See Figure 3 for more detail.)

“‘Ihis statement is true not simply because the Pringic was im-
plemested ia TTL; it is trus for architectural reasons thet are
described in Section 2.

The purpose of this paper is to describe the
Pringle architecture and to explain its role as s sur-
rogate for the CHiP Computer. The next section
gives the design goals and an overview of the Pringle.
Section 3 gives the detailed desiga of the machine.
The final section discusses the Pringle in terms of the
two problems mentioned above. Specifically, it points
out those few places where the Pringle did not avoid
the wisdom of experieace problem, and explains
which architectural features solve the single instance
problem by supporting exploration of the design
space.

The Pringle Engine Data Sheet
Number of PEs 54
PE microprocessor chip. Inte] 8031
PE data path width 8 bits
PE flosting point chip Intel 8231
PE RAM size 2K bytes
PE EPROM size 4K bytes
PE clock rate 12 MHz
Switch structure policd bus
Switch clock rate 8 MHz
Bus bandwidth 54 Mbits
Switch data path width 8 dits
Controller Intel 8086
Processing rate 54 Mips

Table 1. Pringle data sheet.

2. Pringle Overview

Before presenting the structure of the Pringle, a
few comments are in order about specific desiga

goals.

Goal 1: Provide a “good first approximatioa® to
the CHiP architecture, but with enough flexibility to
extend or limit the facilities to reflect design alter-
natives.

This is the goal alluded to above. Here “good
first approximation” refers to s best guess as to how
the silicon area of a CHIP machine will be split
among processors, the memories and the switch
facilities. To see the issues, suppose that with curreat
technology one can place a processor, some random
access memory and a few switches on one chip. Since
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the chip’s size is essentially fixed, changing one con-
stituent is dome at the expense or advaniage of the
other two (Figure 2). More of one implies less of the
others. But there are other coasiderations besides
simple capacity: More switches give greater program-
ming convenience at the expense of added propaga-
tion delay; a gross imbalance in processor speed com-
pared with PE-to-PE communication speed affects the
efficiency of many algorithms. So, balancing the
usage is a delicate matter. How it was handled will
be described in Section 4.

2 '“Wi i'

Figure 2. Schematic diagrams of VLSI
chip alternatives for comstructing a CHiP
lattice: (a) balanced, (b) much switching,
(c) large processor; small squares represeat
bonding pads and circles represent
switches.

Goal 2: Pyovide "many” processing clements.

A second consideration was that the Pringle must
have enough processors to test adequately the fine-
grain parallelism characteristic of CHiP processing.
Of course, no parallel processor has enough process-
ing capacity to handle the largest problems of inter-
est, 30 we must in any case address the issues of con-
tracting large problems and multiplexing the proces-
sors. But there should be enough capacity to observe
sustained performance on nontrivial problems.

Goal 3: Support multiple VO protocols.

Another feature of the Pringle design is that it
permits a comparison of data driven VO with
syachronous VO. Data driven communication is ex-
pensive to implement because of the need for com-
ponents like isput queues and "overrun® signalling
mechanisms. On the other hand, synchronous VO,
which requires PEs to communicate only at apreed
upon times, is difficult to program, potenmlly fragile,
but possidly faster. It has been shown® that cestain
data drivea programs can be automatically converted
into equivalent, synchronously communicating

o« VeV oT @ e &
KA Sl A ARt

programs. It is crucial to be able to run both to
determine the effect on performance.

Goal 4: Balance the processing and data transfer
rates.

In order for the Pringle to provide usefu!l perfor-
mance data, the execution speeds of its various com-
ponents must be balanced, i.e. the ratio of the speeds
of any two components must be the same as it is
likely to be in the VLSI implementation. Said in a
more derogatory way, the components must all be
slow by the same factor.

With these goals in mind, we can consider the
overall structure of the Pringle.

The system is divided into two distinct logical
parts (see Figure 3). The first*is a processing element
array controlled by a central microprocessor. It com-
t1ains 64 PEs each of which has its own read-write
random access memory and read-only memory. The
processors of these PEs are 8-bit singlechip
microcomputers coupled with arithmetic processing
units (APUs) which perform 32-bit floating point
arithmetic.

serial Linas
to Noat
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Figure 3. The Pringle architecture.
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The PE array is managed by a coatroller, a 16-bit
microprocessor which communicates with the PEs by
means of an address-data bus, and a coatrol bus. To
facilitate quick dowa loading of data and programs
into PE RAMs from the controller, the RAM of each
PE is made to appear as a block of memory in the ad-
dress space of the controller’s microprocessor. This
memory mapping allows, the controller to examine all
PE RAM and to take snapshots of memory during the
execution of a CHiP program. The coatrol bus in-
cludes global reset and interrupt lines which permit
the controller to halt or pause the PEs, and status
lines which allow the controller to determine the busy
ot idle status of the PEs.

The second part of the system is the emulator for
the CHiP’s lattice, which we shall call the Switch.
Recall (eg. from Appendix A) that the lattice
provides direct point-to-point communication for the
PEs. There are no conflicts and sll PEs caa be per-
forming IO simultaneously. The Switch implements
this structure with a polled bus. A mapping table
gives the specific routing information. The table con-
tains source-destination pairs of the form:

Table[sourcePEno,portno]=(destinationPEno,portno)
It uses the algorithm given in Figure 4.

Every PE is interfaced to the Switch with an out-
put data latch and an input data queue. Assuming
processing elements with 8 ports as shown in Figure
A, we can assign direction addresses 0 through 7 to
the PE /O ports. When a PE wants to write to an
'O port in Pringle, it latches both the data and the
number of the desired direction onto its output data
latch, setting » data-present flag on the latch. The

L 863
:# PE[s).datapresent
shen (PE(s).datapresent €— FALSE 1% clear flag ¢/
temp &~ PE(s].data; /* save data to be transaitted ¢/
@ ¢~ Tadlefs,PE(s].portno).destinationPEno
/* get distination location ¢/
¢ &~ Table[s ,PE(s]).portno].portno
PE[d]).cataQ € terp /% place dats on Queve */
PE(d).portQ €~ p); /° place port number on Queve */
go to L;

/* source PE index */

Figure 4. Polling algorithm for the Switch.
Each output latch has a data present flag,
theee bits of port number and eight bits of
data. Each input queue frame has eight
bits of data and three bits of port number,

. .."-‘...,--~ .-J'\n'..-",’ ..'.

et et T P L . e et .
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Switch polling hardware does a cyclic scan of all the
output data latches via the Switch input bus. (See the
algorithm in Figure 4) When it eacounters a latch
with the data-present flag set, it takes the data and
direction number from the latch, clears the data
preseat flag, then looks up in the Table in high-speed
RAM for the destination PE and port aumber for the
data. The polling hardware then routes the data to
the input queue of the destination PE with the des-
tination port aumber appended to the data, via the
Switch output bus. The polling hardware will run at
a maximum speed of 8 MHz, allowing a complete 64
PE scan to take place in 8 microseconds. Although
not exceptionally fast, this speed is consistent with
the computational rate of the PEs, i.e. it is balanced
as explained in Goal 4.

The RAM which contains the Switch mapping
table is accessible to a microprocessor which serves as
the Switch controller. It can down load switch set-
tings into the RAM, it can halt and start the polling
hardware, and it can detect abnormal conditioas in
the Switch hardware such as an input qucue overflow
at one of the PEs.

There is sufficient memory space in the mapping
table RAM to hold 8 different configuration settings
at the same time. This allows up to 8 different inter-
connection structures to be down loaded into the
Switch at once. The Switch controller can select any
one of the eight configuration settings evea as the
polling hardware is running.

3. Pringle Architecture Specifics

In this section we explsin the design st a more
detailed level. It is possible to skip this sectioa oa
first reading.

3.1 Processor Elemeats

Figure S presents a block diagram of the PEs im-
plemented in the Pringle machine. (Note that these
are similar to the PEs in the NOSC systolic array.?)
The microprocessor used is an Intel 8031, a single-
chip 8-bit microcomputer. It contains 128 bytes of in-
ternal read-write memory, two parallel VO ports, two
counter-timers, and a serial /O port. It runs on a 12
MHz clock which gives it a 1 microsecond execution
time for most of its instructions, and a maximum in-
struction execution time of 4 microseconds for 8-bit
multiply and divide.

External memory is composed of an industry

i

o e et e et e - a®T
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standard 2048 by 8-bit static RAM and a 4096 by 8-bit
EPROM. A simple system of tri-state buffers allows
the central controller to access the external RAM
when it is not being accessed by the 8031.
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Figure 5. PE detail

An Intel 8231 arithmetic processing unit (APU)
chip is interfaced to the 8031 by means of a command
latch and a data latch. The 8231 contains its own
stack to which the 8031 can push data, and from
which it can pop data. Commands may be issued by
the 8031 to the APU to make it perform floating
point arithmetic operations on the stack’s contents.
As the APU executes commands, the 8031
microprocessor is free to perform other operations.

The 8031 has access to an 11 bit wide output data
latch and an 11 bit wide input data queue which, as
mentioned earlier, interface it to the switch lattice
emulator. Eight of these bits are the data sent to or
received from the Switch, while the other three
specify the port direction. Since the microprocessor
dats bus is only 8 bits wide, three of the microproces-
sor parallel VO port lines serve to extend the data
path width to 11 bits. Other 'O port lines serve as
control] sigaals to the latch and quecue.

The input queue acts as a buffer betweer the
Switch hardware, which can operate at a burst data
rate of up to 8 MHz, and the relatively slower PE
microprocessor. Since all eight logical input ports to
the PE are implemented as one physical input port,
the use of a buffer queue is essential. The buffer
used consists of three bipolar FIFOs, 4 bits wide by
16 deep, which produces a single 16 byte queue. As-
suming that the PEs transmit 32 bit words of data, the
resulting queue is capable of holding up to four
words. This implies that sufficient buffering is
present to allow the emulation of CHiP machine
programs wherein up to four PEs write to a single PE

in a single CHiP machine cycle.

3.2 Switch Emulator Structure Detail

The Switch is implemented in Schottky TTL
hardware to permit a very fast clock rate to be used.
Figure 6 presents the block diagram of the polling cir-
cuitry, mapping table and Switch controller.

A six bit polling counter is used to cycle the in-
put address bus through the addresses of all 64 PEs.
When a PE is addressed, it responds by putting the

Serial

4K 5 10 kAN
Mapping Tahle

Latch Lateh

Polling
Counter

6-bit)

L ,,.“.“..4.4] u.u. ]

Read Wead Lt 1.ad
Latch Latow HFe i
] " [ Ay

Figure 6. Switch detail
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status of its data present flag on the data present bus
line, and the conteats of its output Iatch on the data
bus. When the hardware detects a latch which con-
tains data, it sends a strobe pulse on a bus control

cluster of four PEs, and eight Switch boards, each
containing the data latches and queues for eight PEs.
In addition there is a Switch controller board con-
taining the polling hardware and control microproces-

’*.\‘f line which clears the data preseat flag of the cur- sor for the Switch, and a bus interface board which
:::\[ rently addsessed PE, and latches the data on the bus. allows the 8086 central controller to communicate
“n"j‘ Using the PE aumber from the polling counter con- with all the PEs.

\54 catenated with the direction number supplied by the

PE, the hardware looks up the mapping table RAM

@ for the destination PE number and direction number, Each PE uscd 22 ICs; the entire machine, includ-

; :,'-; ing the Switch, contains 1947 ICs.

M
é.;-rl : The destination PE aumber is latched on the our- 3.4 Esternal Input/Output System
?«'-3 put address bus, and the data from the source PE and The external input/output (XIO) system has been

we the destination port address are latched on the output designed and is under construction; we give only a

data bus. Thea a strobe pulse is sent on an output brief overview. Figure 7 gives the logical picture of

M control line. This causes the contents of the data bus the XIO system.
He 1o be entered in the queue of the selected PE.
i‘ The entire operation is pipelined to allow the

%7 polling of the next input data latch to take place

4 while the data from the current PE is routed to its
g destination. Notice that this scheme was designed
¥ ' only 10 emulate a switch lattice for a limited number

i of PEs. It cannot replace a true switch lattice for an voe
‘-§.f arbitrarily large number of PEs because of the in-
e herent serial bottleneck in sequential polling.
Pringle

Y An 8031 microcomputer with 4096 bytes of Processors
k# program EPROM and 2048 bytes of scratch pad RAM : :
?’;‘"ﬁ%‘ serves as the controller of the switch. It can stop the . :
LN clock on the polling hardware and read or write to
e the mapping table RAM. By means of thsee control ce

lines, it can specify which of the 8 different switch
settings is active at a given instant of time. A serial
line allows the 8031 to communicate with the host sys-
tem.

The mapping table resides in a 4096 by 10-bit
word RAM. For each configuration setting, cack PE

Figure 7. The logical structure of the ex-

Bt requires 8 words, one for the destination PE aumber ternal input/output system.

4 and port number of its eight output ports. Thus a

N total of 512 words are needed per switch setting,

é‘g* giving room for eight different configurations. !
4,

Data is stored oa one of four Winchester disks. .
The file system for the disks is managed by the at- :
tached Intel 8086 microprocessor. These machines

=)

\
{

3.3 Physical Characteristics

Excluding power supplies, Pringle occupies three
105 inch bigh cages on a standard 19 inch wide rack.
Wire-wrap boards are used, 9.6 by 7.8 inches in size,
to make hardware modification easy.

There are sixteen PE boards, each containing a

P 3 PR LAY LR WV e, B N .
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split files apart iato streams for iaput to the pringle
engine or they take streams output by the eagine and
join them together to form files. The streams eater
or leave the engine through one of eight buffers
which dampenas out transfer bursts and allows the en-
gine to maintain maximum speed. Each buffer is
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composed of 4K bytes of storage, an Intel 8031
microprocessor controller, and a 4K byte EPROM.
The memory of each buffer is divided into two 2K
segments. Exclusive access to a segment of the
memory is provided to either the buffer controller or
the file manager; there are no conflicts in referencing
this memory.

In the logical picture the buffers are attached
directly to the switches. In the physical picture, the
buffer elements are interfaced to the Switch in essen-
tially the same way that the PEs are, i.c. the 32 buffer
elements are polled just like the PEs.

4. Comparison of the Pringle and the
CHiP Computers

The Pringle has been described in sufficient
detail to permit a discussion of its role in avoiding
the wisdom-of-experience and the single-instance
problems.

As mentioned above, a CHiP Computer uses the
silicon for processors, memories and switches. The
problem of selecting a balance between these three
uses of silicon was largely by-passed in the Pringle.
Specifically, the switch facilities were separated from
the PEs and implemented as the polled bus. The
memory was moved from the processor chip to s
separate memosy chip, a natural choice for a non-
VLSI implementation. But mere importantly, the
memory mapping facility in the controller can support
paging (in an experimental context) thus giving a
larger logical memory tuan physical memory and per-
mitting experimentation with different memory sizes.
The processor was augmented with a substantial
EPROM to permit enhancement of the instruction
set. This has been used by Gannon and Wang® to
implement an interpreter for a stack machine in the
EPROM as an alternative to the originally proposed
microprocessor instruction set. The conclusion is that
by separating the three picces we were able not only
to avoid striking a balance among the three com-
ponents, we were able to include features that made
experimentation convenient.

We now consider an important way that the
single-instance problem was solved.

Perhaps the most crucial characteristic of a CHiP
Computer's switch lattice is the corridor width, the
number of switches separating two adjacent PEs.

(Figure A shows two lattices with corridors of width
one and two respectively.) The corridor width is a
fixed characteristic of a machine, though different
family members have different widths. Wid: cor-
ridors provide greater data routing capability for
complex topologies, and although any topology can be
embedded into any suitably large lattice, those with
narrow corridors may underutilize the PEs as s
4:4.'mseqm:nce.1'2 Wide corridors are convenient. On
the cost side of the ledger, wide corridors require
many switches and data paths, and a reduced propor-
tion of silicon is devoted to processor and memory
capacity. Moreover, there is an increased pin require-
ment per package with wide corridors, and a (minor)
increase in transmission delay for neighborhood com-
munication. Like all architectural features, the ap-
propriate corridor width is determined by the needs
of typical algorithms.

The Pringle’s Switch can implement lattices with
any corridor width. The key to this ability rests in
the fact that regardless ot corridor width, the lattice
generally” implements point-to-point communication
paths. Thus, s lattice of any corridor width, once
reduced to a set of point-to-point communication
paths, can be "implemented” by down loading the
source-target pairs into the Switch’s mapping table.

The routing constraints, imposed on the
programmer by a lattice with a particular corridor
width, are enforced by the Poker Parallel Program-
ming Environment,* the Pringle’s front end software
system. There the programmer specifies the lattice he
wishes to use, programs the interconnection structure
graphically, and “compiles® the result into source-
target pairs. In Poker it is NOT possible to violate
the limitations of the selected corridor width, so the
distilled communication description received by the
Pringle is always a fair rendering of the routing
capability of that lattice. As a result the Pringle
looks to the programmer like a CHiP Computer with
the lattice of his choice.

In summary, the Pringle can run CHiP programs,
but it doesn't so much look like a CHiP Computer as
it looks like a family of CHiP Computers.

““A CHiP switch can fan-out, i.c., broadcast, but this feature
can be realized by other means and has been of only limited
utility so far. The Switch cannot broadcast.
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Appendix A: Brief Description
of the CHIiP Computer

The CHiP Computer'? is composed of a collec-
tion of homogeneous processing clements (PEs)
placed at segular intervals in a lattice of programm-
able switches (see Figure A). Each PE is a simple
microprocessor with a small amount (e.g., 2K bytes)
of local memory for program and data storage; there
is no global memory. Each switch contains a small
amount (e.g., 8-16 words) of memory in which to
store switch instructions, called configuration settings.
Executing a configuration setting causes a switch to
connect two or more of its incident data paths; note
that this is circuit switching. Separate data paths can
cross the switch simultaneously (i.c., there is cross-
over at a switch). By programming the switches ap-
propriately, the PEs can be connected into the
topologies of arbitrary form, e.g., mesh, tree, torus
(see Figure B).
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Figure A.Two switch lattices; squares
represent PEs, circles represent switches,
lines represent data paths; PEs are actually
much larger than switches.

In addition to the switch lattice, a CHiP architec-
ture has a controlling computer responsible for
monitoring the computation. The computation is
divided into phases, where each phase corresponds
roughly to a single algorithm with a single processor
topology. For example the first phase might be a
mesh connected phase, the second a tree connected
phase, etc. The controller prepares for a computation
by down loading to the PEs the code segments
needed for several phases, and down loading to the
switches the configuration settings implementing the
topologies of those phases. To initiate computation,
the controller broadcasts to the switches the address
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5{:, (in the switches) of the configuration setting for the
WA topology required for the first phase. This causes the
. processors to be connected into that topological struc-
A ture. The PEs then begin executing their respective
o code segments for that phase using s common clock.
Y PEs simply read and write to their 'O ports without
By "knowing® the source or target PEs of the transfer;
oY the data paths of the configuration form poiat-to-
. point connections. When the phase is complete, the
o controller broadcasts a signal indicating which con-
W figuration setting is needed for the next phase, and
'né . the PEs then begin executing their corresponding
) code segments. Execution continues in this manaer
o> uatil the comp *vtion is complete or uatil additioasl
"" PE and switch codes have 1o be down loaded.
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‘;; Figure B. Three configurations of the lat-
\ tice of Figure A.
3
X

R A A 1 g L TN N S A N N N e S I NN e




“w

PSPPI 2 NP GNP WP IV UGS IV DA VAP ISP WA 1 APPSR S AEPSPEPIRIIS S e Y
















e e .




