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Abstract

The structure of PASMOS, a distributed operaling system for the PASM parallel pro-
cessing system, is overviewed. PASM is a large-scale dynamically reconfigurable multi-
microcomputer system which is being designed at Purdue Universily for image processing
and pattern recognition applications. This special purpose nature of PASM has been
exploited in the design of PASMOS. PASMOS has a hierarchical structure and is distri-
buted throughout the hardware components of PASM. PASMOS creates an execution
environment for parallel processing tasks. It is responsible for task management and
scheduling and provides facilities for user inleraction, memory management, file system
control, hardware fault detection, protection, and process control. The software com-
ponents of PASMOS and (he way in whick they are distributed throughout the PASM

system are described.

1. INTRODUCTION

There are several types of parallel processing systems. A
single instruction streom - multiple data stream (SIMD)
mackine [10] typically consists of a control unit, a set of
N processors, N memories, and an interconnection net-
work (e.g., Mliac IV [5], Staran {3,4]}. The control unit
broadeasts instructions to all processors and each active
processor executes each of the broadcasted instructions
on the data in its own memory. Each instruction iy exe-
cuted simultapeously in all active processors. The inter-
connection network provides a means for interprocessor
communication. A multiple instruction stream - multiple
data stream (MIMD) machine [10] typically consists of N
processors, N memories, and an interconnection network,
where each processor can follow 2n independent instruc-
tion stream (e.g, C.mmp [33], Cm+ [27)). An
SIMD/ MIMD machine, which also typically consists of a
control unit, a set of N processors, N memories, and an
interconnection network, can operate as either ag SIMD
of MIMD machine and can dypamically switch between
the SIMD and MIMD modes of operation (e.g., CAIP

[11)).
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A multiple-SIMD system is a parallel processing system
which can be structured as one or more independent
SIMD machines of varying sizes {e.g., MAP [17]). Hliac
IV was originally designed to be a multiple-SIMD system
[2]. The sdvantages of a system capable of operating in
multiple-SIMD mode include: it allows multiple users to
be executing tasks simultaneonsly, it is more fault
tolerant, it permits the size of a virtual machine to be
adjusted to the needs of a task, and it can overlap the
execution of different SIMD subtasks of an overall task
[26]. A partitionable SIMD/MIMD system can be dynam-
ically reconfigured to operate as one or more independent
SIMD/MIMD machines of varying sizes (c.g., PASM [28],
TRAC [24]).
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The PASM parallel processing system is a partitionable
SIMD/MIMD system which is being designed at Purduve
University for image processing and pattern recognition
spplications. The motivation for PASM, its architec-
ture, and examples of its use are given in [26]. Simula-
tion studies of PASM are currently being conducted [13];
2 prototype has been designed and is planned for con-
struetion in the near luture. PASMOS iy a distributed
operating system which is being developed for PASM.
The special purpose nature of PASM has been exploited
in the design of PASMOS. PASMOS has a hierarchical
structure and is distributed throughout the hardware
components of PASM. PASMOS utilizes the PASM
hardware to create execution environments (virtual
machinesldfor tasks which operale in SIMD and/or
modea.

The PASM System Control Unit is a conventional
machine and is responsible for overall coordination of the
activities of the other components of PASM. The Sys
tem Control Unit executes the UNIXt Time-Sharing Sys-
tem [28]. The PASMOS kernel is exeented as a process
under UNIX and is responsible for task management and
scheduling [28,30]. Users interact with PASM through
the System Control Unit using the UNIX shell [8] and
the PASM Command Laoguage. PASMOS also provides
facilities for memory management, file systemn control,
hardware faglt detection, protection, and MIMD process
control.

Section 2 is an overview of PASM. The organization of
PASMOS is presented in Section 3. The definition of 2
PASMOS task is given in Section 4. Section § is a
description of the PASMOS kernel. The software assoei-
ated with the multiple control units and the processing
elements is deseribed in Sections 8 and 7, respectively.
The PASM Command Language is presented in Section
8. A scenario of an SIMD task is given in Section 9.
Protection mechanisms supplied by IPASMOS are
presented in Section 10.

2. PASM OVERVIEW

PASM, a partitionable STMD/MIMD machine, is a large-
scale dynamically reconligurable parallel processing sys-
tem {26]. A block diagram of the basic components of
PASM is given in Fig. 1. The System Controf Unit is a
conventional mackine, such as a PDP-II{TO, and is
responsible for the overall coordination of the activities
of the other components of PASM. The Parallel Compu-
lalion Unit (PCU} contains N = 2" processors, N
memory modules, and an interconnection network. The
PCU proceasora are microprocessors that perform the
actual SIMD and MIMD computations. The PCU
memory medules are used by the PCU processors for
data storage in SIMD} mode and both data and instruc-
tion storage in MIMD mode.

1 UNIX is a Trademark of ATET Bell L aboratories.
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Fig. 1. Block diagram overview of PASM,

The PCU is organized as shown in Fig. 2. A pair of
memery units is used for each PCU memoty module so
that data can be moved between one memory unit and
secondary storage while the I’CU processor operates on
data in the other memory unit. A processor and its asso-
ciated memory module form a ’CU processing element
PEJ. The PEs are physically addressed (numbered)
rom 0 to N-1. The inferconneclion network provides a
means of communication among the Mfs, PASM will
use etther an Extra Stage Cube [}] or Augmented Data
Manipulator [16] type of multistage network.
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Fig. 2. PASM Parallel Compulation Unit,

The Micro Controllers (MCs) are a set of microprocessors
which act as the eontrol units for the PEs in SIMD mode
and orchestrate the activities of the PEs in MIMD mode.
The organization of the MCs is given in Fig. 3. There
are Q = 23 MCs, addressed {rumbered} from 0 to Q-1.
Like the I'Es, the MC memory modules are double-
bufficred. Each MC controls N/Q PEs, where possible
values of N and Q are 1024 and 18, respectively. A
PASM MC-group is composed of an MC processor, its
memory module, and the N/Q PEs which are controlted
by the MC. The N/Q PEs connected to MC i are those
whose addresses have the value i in their low-order q bit
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positions. C'ontrel Storage confains the programs for the
MCs and is controlled by the C'onfrol Storage Controfler,
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Fig. 3. Organization of the PASM Micro Controllers
(MCs) for Q=186.

A virtual SIMD/MIMD machine (partition) of size
IN/Q, where R = 2" and 0 < r < q, is obtained by
combining the eflorls of R MCs and their associated
PEs. According to the partitioning rule for PASM [20],
the physical addresses of these MCs musi have ihe same
low-order q—r bits so that all of the PEs in the partition
have the same low-order g—r physical address bits. For
example, for Q = I6, an allowable MC partition groups
together the following MCs: {6), {14}, (2,10), {0,4,8,12],
and (1,3,5,7,9,11,13,15). Q is therefore the maximum
number of partitions allowable, and N/Q is the size of
the smallest partition. The reason for using this particu-
lar pariitioning rule is because it allows multistage nct-
works like the Extra Stage Cube and the Augmented
Data Manipulator, which are being considered for
PASM, to be partitioned into independent subneiworks
[25]. This rule is also valid for mullistage Omega [15],
shuffle-exchange [20], and indirect binary n-cube [22] net-
works, as well as other dala manipulator [9] type net-
works such as the Gamma {21)] network [25].

The designator of a virtual machine composed of an
allowable MC partition is the smallest physical address
of the MCs in the virtral machine. This designator
corresponds to the low-order gq-r bits of the plysical
address of each MC in the virtual machine. For the MC
parlitions in the above example, the destznalors are: 6,
14, 2, 0, and 1, respectively.

The a{)}proach of permanently assigning a fixed number
of PCU processors to each MC has the advantages that
the operating system nced oaly schedule @ MCs, rather
than N PCU processors, and that it simplifies the
MC/PE interaction, from both a hardware and software

7}

point of view, when a virtual machine is being formed.
In addition, this fixed assignment scheme supports parti-
tioning of the inlerconnection network and is cxploited
in the design of the Memory Storage Systemn in order to
allow the effective usc of parallel secondary storage dev-
ices.

The Memory Storage System, provides secondary storage
space for the PCU memory modules. It consists of N/Q
independent Memory Storage {'nits (AMSUs) and is con-
trolled by the Memory Management System {14]. The
MSUs are numbered from 0 to (N/Q)~1. Each is con-
neeted to Q PCU memory modules, as shown in Fig. 4.
For 0 <1< N/Q, MSU i is counected to the i jogical
PE of each MC-group. The two main advantages of this
approach for a partition of size N/Q {iL¢., cne MC-group)
are that (1} all of the PCU memory modules can he
loaded in one parallel block trausfer and {2) the input
data and programs are directly available no matter
which partilion (MC-group} is chosen. This is done by
storing the input data and program for a task which is
to be loaded iuto the it" logical PE of the virtual
machine in MSU i, 0 < i< N/Q. Thus, no matler
which MC-group is chosen, the data and program from
the i*h MSU can be loaded inte the i*" PCU memory
module of the virtual machine, for all i, 0 < i < N/Q,
simultaneously.
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Fig. 4. Organization of the Memory Storage Svstem for
N=163and Q = 4.

For virtual machines of size N/Q), this secondary slorage
scheme allows all N/Q PCU memory madules to be
loaded in one parallel block transfer. Consider the situa-
tion where a virtual machine of size RN/Q is desired,
1 < R <£Q. Only Il parallel black loads are required if
the data for the PCU memory module whose high-order
n—q logical address bits equal i is loaded into MSU i
This is true no matter which partition of I MCs [which
agree in the low-order q~r address bits) is chosen [26].
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3. PASMOS OVERVIEW

The PASMOS operaling system provides the control for
the PASM parallel processing system. The ecode for
PASMOS is distributed among the System Cantrol Unit,
the Q@ MCs, the N PEs, the Memory Management Sys-
temn, and the Control Storage Contreller. In this paper,
the PASMOS facilities associated with the System Con-
troi Unit, the MCs, and the PEs are considered. The Sys-
tein Control Unit runs the UNIX Time-Sharing System
[23[. Users access the systern through the System Con-
trol Unit. The facilities for user interaction arc provided
by the UNIX shell [6]. The PASM Command Language
is a set of commands which supplement the commands
supplied by the UNTX shell and allow the user to execute
tasks on PASM. PASMOS is a multiuser operating sys-
tem since more than one user can be logged into the Sys-
tem Control Unit, It is also multiprogrammed since
more than one task can be executed on the system
simultapeously. Individual MCs and PEs in PASM are
not multiprogrammed.

The PASMOS kerzel is executed as a UNIX process on
the System Control Unit. The PASMOS kernel runs
with highest priority sc that the System Control Unit
will not become a bottleneck for PASM. Each MC exe
cutes an MC kernel which orchestrates the activities of
the PEs in MIMD mode, Each of the PFEs has a monitor
routine which it uses for MIMD process exceution.

In [18] three operating system strategies for a hypotheti-
cal multiple-SIMD computer system [17] are compared.
With the first strategy, onc control unit executes the
operating system while the remaining conirol units
operate as conventional 5IMD machines sharing the pro-
cessing elements. The second strategy uses a dedicated
control unit for the operating systern, but the remaining
conirol units are multiprogrammed. The third strategy
is for all control nnits to he multiprogrammed, with the
operating system processcs being cxecuted on any con-
trol unit that requires system services, i.e., a distributed
operating system. PASMOS fits into the first strategy,
except that the System Control Unit executes the kernel
of the operating system rather then a dedieated MC.
The results of Nuit's study indicate that for an environ-
ment that does not make excessive demands on the
machine, the first stralegy is an attractive solution. As
the job load increases to a point of saturation, the third
stralegy appears {o have a performance edge over the
second that makes its added complexity worthwhile. [le
also concludes thal the performance of the first strategy
would he better than the madel if inpui/cutput buflering
were incorporated te allow input/output-compute over-
fap. In [327 it is shown that input/ontput-compute over-
lap significantly improves the perlormance of the PASM
system.

The structure of the operating systems for IMiac TV [2,5],
PEPE [7.8], and STARAN [3,4} are all similar to
PASMOS in that the principle part of the operating sys-
tem is executed by a host machine or system control
unit. The original 1lliae IV system [2] is most [ike PASM
in that there are three levels in Uhe system: the Process-
ing Elements, Conirel Units, and the Host which
correspond to the PEs, MCs, and the System Control
Unit in PASM, respectively.

Since PASM is being designed for use in a research
environment, the first layer of system security will be
provided by limited access to the machine. Sioce the
users interact with PASM through the System Control
Unit which is renning the UNIX Time-Sharing System,
system security will also depend on those mechanisms
provided by UNIX. Additional protection mechantsms
provided by PASMOQS are presented in Section 10.

If an MC or PE processor has a hardware failure which
prevents it from executing its part of a task, ile system
is unable to use the entire MC-group which contains the
faulty processor. With the loss of the MC-group, the
system is still able to execute tasks of all sizes except for
those tasks which require the entire system {i.e., Q MC-
groups). The task which was execuling on the MC-
group when the hardware lailure oceurred will need to be
rescheduled (i.e., assigned to a virtual machine which
does not contain the faulty MC-group) and restarted my
the task manager.

4. THE PASMOS TASK

A job which is to be execuled by PASM can use either
SIMD andfor MIMD mode. A job which strictly uscs
SIMD mode (e.g., image smoothing [26}} consists of an
MC-pragram, and a job which uses both SIMD and
MIN[B modes (e.g., image conlour extraction [31]) con-
sists of an MC-program and one or more {’f-programs.
The MC- and PE-programs are compiled on the System
Control Unit. The object code from the same MO-
program is executed by each MC which is assigned to
the job [26]. Am MC-progtam is composed of SIMD
instruetion/procedures, synchronization instructions, and
made switching instrnetions. For MIMD operalion, ihe
same object code can be used by all of the PEs in the
virtnal machine or each PE can use its own PE-program.
A PE-program is composed of onc or more procedures,

A task is defined to be the exccution of a job on a virtual
machine. A task is created whenever a user executes an
MC-program. Tasks which are executed by PASM can
operate in SIMD and/or MIMD modes. A task initially
ogera.tes in SIMD mode. When a task is in SIMD mode,
the MCs, which are assigned {o the task, fetch instrue-
tions from their memory units, execute control Bow
instructions {e.g., branches), and brozdeast the data pro-
cessing instructions to the PEs. The PLEs fetch the
instructions from their instruetion bLuffer. To enter

mode, the MCs which are executing the task
broadeast a jump instruction to their respective PEg
cauging the PEs to jump to one of the procedures in
their PE-programs. When a virtual machine is in MIMD
mode, the PPEs fetch their own instructions from their
memory units and execute them, while the MCs coordi-
nate the activities of the PIls, When a task is operating
in MIMD mode, the PEs can all be executing the same
procedures {asynchronously) or can all be executing
different procedures. Recall thal different viriual

machines can be operating in both SIMD and MIMD
modes simultaneously in the PASM syslem. A processis
defined to be the execution of an MIMD procedure on a
PE. A task operating in MIMD mode which is executed
by RN/Q PEs, where R = 2" and 0 < r < q, will have
[rom one to RN/Q processes associated with it at any
given time (i.e., at most one process per PE}.
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6. THE PASMOS KERNEL

The kernel of the PASM operatiog system is executed by
the System Control Unit. Tt is responsible for task
management and scheduling. Task management is con-
cerned with the sharing of the MC processors, the PCU
processors, and their associated memory modules
amongst the various tasks. The task {eble resides in the
primary memory of the System Control Unit and con-
tains an entry for each active task. A task is active from
the time the programmer requests execution of a task
until the time when the task completes execulion and all
result data files have been unloaded from the PCU
tnemory units. Henece, when a task is created an entry is
put into the task table. The task table entry contains
the current status of the task.

When a user requests the execution of a program, the
task manager initializes the lask ‘table entry. It then
assigns the task to the appropriate task queue for
scheduling. The firsi-fit multiple-quene (FFMQ)} task
scheduling algorithm which is bheing considered for
PASM makes use of g + 1 FIFO task queues, one for
each possible task size [30]. After the task manager has
assigned the task to the task quewe it execules the
FFMQ scheduler 1o see if the task can be scheduled.
The task scheduler is executed by the task manager
whenever a new task is added to one of the task queues
or whenever a task completes execution.

After the task scheduler has been executed and all possi-
ble tasks have been assigned to MCs, the task manager
calls the task preloader. The task preloader uses the
scheduling algorithm to predict which task or tasks may
be executed next by the MC-gronps which are currently
forming a given virtual machine g32]. The task manager
then requests thal the Memory Storage System preload
the PCU input data file {(and the PCU programs for
tasks which use MIMD mode) for these tasks. An MC-
Froup's PEs can have preloaded input data/program files
or at most one task at any time.

When a task is scheduled for execution, the task
manager updates the task table. If the input dala files
{and program files for tasks which use MIMB made) for
the task have not been preloaded, the task manager
requests that the Memory Storage System load them.
The task manager also requests that the MC-program for
the task be loaded from the Control Storage to the MC
Imemory upits. At this point the responsibility for the
task is passed down to the MC processors.

When an MC-group completes execution of a task it sig-
nals the Systemn Control liinit. After the System Control
Unit has received completion signals from all of the MC-
groups which are execuling a given task, the task
manager requests that the Memory Storage System
unload the output data from the PCU memory units, it
frees the MCs, and it executes the FFMQ scheduler.
When the System Control Unit receives the sigual {from
the Memory Management System indicating that the
output data has been unloaded, il deletes the task tahle
m[ltrydand informs the user that the task has been com-
pleted.

8. MICRO CONTROLLER KERNEL
The MC kernel is the code for PASMOS which resides

73

Proceedings of the Seventeenth Annual Hawaii International Conference on System Sciences, 1984.

on each of the MCs. The MC kernel code is the same on
all MCs, ie., all MCs have the same enpabilities. This is
uniike the Medusa operating system [H)] for Cin* which
is divided into utilities that are distributed arcund the
system. A Cm=* processor executes a particular operat-
ing system utility only if it can do so locally [19]. The
MCs can operate in cither SIMD, MIMD, or diagnostic
modes.

Two storage allocation policies have been considered for
the MCs: 1) static allocation where the entire program
must be boaded into the MC memory units before execu-
{ion begins and 2) virtual memory {dynamic allocation)
where the program is paged into the MC memory units
[29]. Due to the decreasing cost of primary memory and
the intendad application of PASM, it has been deter-
mined that statie allocation is the better policy for solv-
ing the allocation problem for the MCs on the PASM
prototype. Specifically, since the MCUs are not multipro-
grammmed, they have only vne program iz their memory
al any given time. BSince the actual computations on
data are done by the PCU, the MC memory units will
not have to store data files. Hance, each MC memary
unit will contain at most one program file and no data
files.

With the decreasing cost of hardware, it will be possible
to put 256 kilowords of random access memory in each
MC memory unit. It is unlikely that any MC contral
program will be greater than 256 kilowords, and if a pro-
gram did exceed this length, it could be overlaid. The
use of static allocation also eliminates the extra overhead
resulling from the use of paging. Another advaniage of
virtsial memory is that the entire program does not need
to be loaded toto primary memory. However, for PASM
loading the entire program is not a disadvantage since
the loading of the program can be overlapped wilh the
loading of the data which must accur anyway [32].

Each task which is to be executed by PASM initially
uses SIMD mode. The System Contrel Uit signals the
MC processors when il assigns a task to them. After the
MC processor determines that the correct input data files
and PE-program files have been loaded into the PCU
memory units and that the MC-program file has been
loaded into the MC inemory unil, execution begins. If
the correct files were not loaded inlo one or more of the
I’CU memory units, an crror condition oecurs, When
the error occurs, the MC informs the System Contro!
Unit of the error, and the System Control Unit aboris
the task and informs Lhe user.

In order to synchronize the MC processors which control
a task which requires more than one MC-group, the
PASM systemn supplies software break points. Before an
MC can go past one of these break points, all MCs which
are executing the task must reach the break point. The
MCs execute one of these break points before they start
execution of the actual task. This causes all MCs to
begin execution together. After the MC executes the
{asl instruction in the MC-program, it signals the System
Control Unit that the task has been campleted and waits
for another task to be assigned to it. A description of
?hc] operativn of an MC-group in SIMD mode is given in
13|.

When the MC-group is operating in MIMI} mode, the
MC manages PE-to-PE communication. PE-to-PE com-
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munication is discussed in the next scetion. A process
fable resides in the ptimary memory of each MC. It con-
tains an entry for each PE in the MC-group. Each entry
contains the current status of the corresponding process.

Each MC can enter a2 diagnostic mode in which each of
the PEs which it contrels can be tested along with the
communication lines between the PEs and MCs. The
MC reports any hatdware faults to the System Control
Unit, which in turn reports them to the console. If the
MC-group controlled by the MC has a fault so that it
cannol be used for task execution, the task manager
records that the MC-group is not available to be
scheduled.

7. PROCESSING ELEMENT MONITOR

The PE monitor is the code for PASMOS which resides
on each of the PEs. Each PE processor can operate in
either SIMD or MIMD mode. While in SIMD mode, the
PE fetches instructions from the its instruction buffer
13]. The PE iz only able to fetch an instruction after all
*Es in the MC-gronp have completed the previous
instruction. When operating in MIMD meode, the opera-
tion of the PE is more complex. MIMD operation is ini-
tiated by the MC broadcasting a jump instruction to its
PEs instruction buffers. The execution of this instruec-
tion causes the PEs to jump to onc of their procedures.
The PEs execute the instructions from their respective
procedures. The [ast instruction In each procedure is a
jump instruction which causes the PE to return to the
instructiop buffer. When all PEs have completed their
procedures, the next instruction from the bufler is exe-
cuted. Since the next instruction in the buffer is not
executed unttl all of the PEs have completed the current
instruction (i.e., the procedure}, it is possible to syn-
chronize the PEs when they are operating in MIMD
mode.

The PEX monitor provides facilities for dynamic memory
allocation. This énables a process to request additional
memory space as it is running. The PE monitor returns
a puinter to the free memory loeation. In order to allow
dynamic memory allocation to be done locally within
cach PE, the PE monitor must maintain a record of allo-
cated memory space,

The user is able to specify MIMD process communication
(i.e., PE-to-PE communication) at a high level by giving
the logical name for the destination precess. One prob-
lem is determining the physical address of the PE which
Is  executing the dcstination proeess.  Different
approaches to this problem are currently being con-
sidered. One possible approach is a follows. When a
communication request i3 made by an executing process,
the PE asks its MC for the physical address of the PE
which is executing the destination process. If it is not
contained in the MC's process table, either the process is
ot executing or it is being executed by a different MC-
group. With this approach, the MC queries all other
MCs which are orchestrating the task to determine
which MC-group is exceunting the destination process.
The physical address is then transferred back to the MC,
and in turn to the PE.

In order to eliminate this upward communication result-
ing from the use of this approach, each PE stores process
address information for all processes with which it has
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communicated. The I'E will check its memory before
making a request to its MC. When a process completes
execution, the PE coniinues to execute its monitor rou-
tine. If a PE receives any messages through the inter-
connection network which are for the process which it
completed or any other process, an error condition
occurs. Possible causes for this type of error are a fault
in the interconnection network, a bad entry in the pro-
cess address table of the PE which is executing the
sONtee process, o a programming error. ‘This error can
be reported to the System Contrel Unit in one of two
ways: 1) the PE which detected the error can notify its
MC which in turn can signal the System Centrel Unit or
2) the PE which has detected the error can send a mes-
sage back to the source PE, which in turn can report the
error. ‘The first method is most likely a better choice
since it has the most direet route to the System Control
Unit and ecan avoid the section of the system where the
error accurred. When the System Control Unit reccives
the report of an error, it terminates the task and notifies
the user.

8. PASM COMMAND LANGUAGE

The PASM Command Langﬂage\g’{CL) is a set of com-
mands which supplement the UNEX shell [6]. The com-
mands can he grouped into three types: 1) Memaory
Storage Systern access commands, 2) Control Slorage
access commands, and 3} PASM task creation and meni-
toring commands. Just as for any other UNIX com-
mand, a UNIX process is ereated for each Parallel Com-
putation Unit cornmand which is executed.

The mmsdown and mmsuop commands are used to
transfer files between the System Control Unit's file sys-
tem and the Memory Storage System’s file system. The
massdown command allows Lhe user to download data and
program files from the System Cantrol Unit fo the
Memory Storage System and the mesuzp command allows
the user to wpload data and program files from the
Memory Storage System lo the System Controt Unit.
Commands will also be provided to directly transfer data
files between the Memory Storage System and tape, from
the Memory Storage System to display devices, and from
real-time sampliog devices to the Memory Storage Sys
tem.

File manipulation commands for Memory Storape Sys-
tem files are also provided by PCL. 'The mmsls com-
mand allows the user to list the naines of the files which
he/she owns. The mmascp, mmsmy and the mmarm
commands allow the uscr to copy, move (remame), and
remove (delete) files, respectively.

The csdown amd csup commands are used to transfer
files hetween the System Control Unit's file system and
the Control Storage file system. The rsdoum command
allows the user to download a MC-program from the
System Control Unit lo the Control Storage and the csup
command allows the user to upload a MC-program from
the Contral Storage to the System Control Unit. The
cals, esep, csmu, and the ¢srm commands allow the user
to list the file names in a Conirol Storage dircetory and
o ci)py, move, and remove Control Storage files, respec-
tively.

The Iast set of commands allow the user to ereate tasks
and to monitor task status. The vm command issucs a
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request to the PASM task manager for a virtual
machine. The command string specifics the task which
is to be executed on the virtual machine. As with any
other UNIX command, to exceute a PCL ecommand the
UNIX shell normally creates a new UNIX process and
waits for it to finish |]6] The UNIX process associated
with the execution of ithe vm command is the parent
process of any PASM task created by the command. As
with any other UNIX command, a PCL command can be
executed without waiting for it to finish. A list of
currently active tasks can be obtained using the ts com-
mand. A task can be terminated by either killing the
parent UNTX process using the UNIX kill command or
by using the PCL kil command to directly terminate
ihe task. It is noted that the syntax of the PCL com-
mands is heyond the scope of this paper.

g¢. SCENARIO OF AN SIMD TASK

As an example scenario of an SIMD task, an image pro-
cessing application is considered. An M-by-M image is
reprosented by an array of M? pixels (picture elements),
where the value of each pixel is assumed lo be an eight
bit unsigned integer representing one of 256 possible gray
levels. In image smoothing each pixel is assigned a gray
level equal to the average of the gray levels of the pixel
and its eight nearest neighbors in the unsmoothed image.
The operation is performed for each pixel in the image,
with the possible exception of the edge pixcls. In [26]I an
algorithm is given for performing the smoothing algo-
tithm in parallel. SIMD algorithms for PASM wiil either
be written in a “parallel” assembly language [13] or a
*parallel” version of the C Programming Language [12].

To implement image smoothing on PASM using a virtual
SIMD machine of 256 PEs, assume that the PEs are logi-
cally configured as a 16-by-16 grid, on which an M-by-M
image is superimposed, i.c., cach processor has a M/t~
by-M/16 subimage. For M = 1024, each PE stores a
61-by-64 subimage. In the 256-PE SIMD algorithm,
smoothing will he performed on the 256 subimages in
parallel. At the boundaries of each 64-by-64 array {or
subimage}, data must be transmitted between PLEs in
order to calculate the smoothed values.

The sequence of commands used to execule the 256-PE
smoothing algorithm on PASM is given in Fig. 5. The
user must log into the System Control Unit and enter
the PASM shell, psh (1). The smoothing algorithm is
writlen in parallel € and includes the information that it
is to be exceuted using 256 PEs. It is stored in the file
smooth.pe. The program is compiled using the parallel C
campiler, pee (2). and downloaded to the Control Storage
(). The a.out file is the objeet file created by the com-
piler. The image data file, image, is dowuloaded to the
Memery Storage System (1), The algorithm is then exe-
cuted using the vm command (5) leaving the smoothed
image in the Memary Storage System file name image.s.
The smoothed image is uploaded from the Memory
Storage System (6). After typing control-D (EOF) {7),
e user is returned to the regular UNIX sheli (8). The
smocthing program can be removed from the Control
Storage file system, or can be lefi there for future use.
'rI‘[]:is also holds for the Memory Storage System dala
iles.
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(1} =+ psh

(2) @ pee smooth.pe

{3) @ csdown a.cut smooth

{4) @ mmsdown -d image image 256
(5} @ vm smooth < image > image.s
(6) @ mmsup -¢ image.s image.s 256
{7y ©°D

8 =

Fig. 5. Sequence of commands used lo execute the 256-
PE smoothing algorithm on PASM. « is the
prompt for the UNIX shell and @ is the prompt
for the PASM shell.

The foHowing PASMOS actions result from the execu-
tion of the vin command:

1. In the command, the user requests the execution of
an image smoothing program which requires 256
Plis (four MC-groups for N = 1024 and Q = 16} on
the Memory Storage System file called fmage.

2. The task table entry is created by the task manager
on the System Control Unit.

3. The task is assigned by the scheduler to the task

ueue for tasks which require four MC-groups (see
[30] for details).

4. ‘The input data for the task may be preloaded into
the PCU memory units.

5. The scheduler eventually selects the task aud
assigns it to a virtual machioe of four MC-groups
{e.g., MCs I, 5, 9, and 13).

8. The task manager requests that the Control Storage
load the smoothing program into the MC memory
units. If the input data for the task has not been
preloaded, the task manager requests that the input
data for the task be loaded.

7. If input data is being loaded, the MCs wait for sig-
nals from the Memory Management System which
indicate that the input data has been luaded.

& The PEs check if correct inpul data has been
foaded.

9. If correct data has been loaded, the MCs begin to
broadeasts instructions, otherwise the MC control-
ling the PE with the bad data signals the System
Control Unit to abort the task.

10. After the Jast instruction is exccuted by the MCs,
the MCs broadeast a jump instruction to the PEs
which causes them to jump back to their PE moni-
tors.

11. The MCs signal the System Control Unit that the
task las been completed.

12. System Control Unit frees the MCs.

13. The task manager gxceutes the scheduler.

14. The task manager requests that the Memory Storage
System unload the output data.

15. Memory Management System signals System Con-
tral Unit when data unloading eompleted.

16. The task table entry is deleted.

17. The user is notified of task completion {user receives
prompt).
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10. PROTECTION

The protection mechanisms in an operating sysiem con-
trol the access of programs (or lasks) to shared objecis in
the system. Sinee PASA s a multiuser system, protee-
tion mechanisms must be included as a part of
PASMOS. Proteetion requirements within FASMOS can
be divided into seven areas: 1) within the Sysiem Con-
trol Unit, 2) within each MC, 3) within cach PE, 4

beiweer, the System Control Unit and the MCs, 6
among the MCs, B) between the MCs and the PEs, an

7} among the PEs.

Each user of the 1’ASM system will have an account
under UNIX on the System Control Unit and, as a
result, a unique user identification number {uid} Protec-
tion within the System Control Unit is handled by
UNIN. When a user issues a PCL ¢ommand, UNIX asso-
ciates the command with the uid of the user. For exam-
ple, il the command to kill a task is executed, UNIX

asses the uid of the user along with the request to the
PASMOS kernel. The PASMOS kernel then checks if
the given uid matches the uid of the task owner and,
so, kills the task.

It is not necessary to consider protection mechanisms
within each MC since only one task can be assigned to a
given MC at a time, Similarly, protection mechanisms
are noet required within each PE.

All communication hetween the System Control Uit
and the MCs involves the PASMOS kernel on the Sys-
tem Contral Unit. As a result, only the PASMOS kernel
is able to write to ports which are connected to the MCs.
When an MC sends a message to the System Control
Linit, only the PASMOS keruel can read the message.

An MC which is exceuting a given task can only com-
municate with other MCs which are executing the same
task. Protection mechunisms are provided to generate
this. The kernel on each MC which is executing a task
contains a list of all other MCs which are executing the
same task. The MO kernel will only allow the MC to
communicate with other MCs on its list.

Since each MC is only connected to the PEs which it
controls. no protection mechanism is required. Protec-
tion mechanisms for communication among the PEs is
handled by partiticning the intercennection nefwork into
independent sub-networks. A PE is only able to com-
muniecate with other PEs within the same partition of
the network.

11. SUMMARY

PPASMOS, a distributed operating system for the PASM
parallel processing system, has been overviewed, The
cade for PASMOS, which is distributed between the Sys-
tem Control Uait. the Q@ MCs, and the N PEs, has been
discussed. PASMOS has a hierarchical structure with
three levels. AL the Systemy Control Unit tevel, tasks are
managed; at the MC level, tasks are exceuted and
processes are managed; and al the PE level, processes are
executed.

76

ACKNOWLEDGEMENT

The authors thank Jim Kuehn for his comments and
suggestions.

REFERENCES

[1] G. B. Adams III and H. J. Siegel, **“The extra stage
cube: a fault-tolerant inierconnection network for
supersystems,” IEEE Trans. Compul., vol. C-31, pp.
443-454, May 1982,

|2] G. H. Barpes, R. M. Brown, M. Kato, D. J. Kuck,
D. L. Slotnick, and R. A. Stokes, “The IHiac IV
compuler,” [EEE Trans. Comput, vol. C-17, pp.
746-757, Aug. 1968.

[8] K. E. Batcher, “STAHAN parallel processor sysiem
hardware,” AFIFS 187§ Nul. Compul. Conf, May
1974, pp. 405-410.

[4) K. E. Batcher, “STARAN series E” 1977 Int'l
Conf. Parallel Frocessing, Aug. 1977, pp. 140-152,

[3) W. 1. Bouknight, S. A. Denenberg, D. E. Mclntyre,
J. M. Randall, A. H. Sameh, and D. L. Slotnick,
“The Illiac IV system,” Proe. [EEFE, vol. 80, pp.
369-388, Apr. 1972,

[6] S. R. Bourne. “The UNIX shell,” Dell System Techn-
feal Journal, vol. 57, pp. 1971-1990, July 1978,

{7] I R. Dipngeldine, 1. G. Mantin, and W. M. 'atter-
son, ‘“Operating system and support soflware for
PEPE." 1973 Sagamore Compuler Conf. on Parallel
Hrocessing, Aug. 1973, pp. 170-178.

[8] A. J Evensen and J. 1. Troy, “Introduction to the
architeeture of s 288-clement PEPE," 1973
Sagamore Compuler Conf. on Parallel Processing,
Aug. 1873, pp. 162-169,

[0} T. Feng, "'Data manipulating functions in parallel
processors and thelr implementations,” IFEFR Trans.
Compul., vol, C-23, pp. 308-318, Mar. 1074

M. J. Fiynn, “Very high-speed compuler systems,”
Proc. IEEE, vol. 54, pp. 1801-1009, Dec. 1966,

I. Keng and K. 8. Fu, “A special purpose architee-
ture for unage processing,” (878 [LEE Compul. Sor.
Conf. Paltern Recognition Image Processing, June
1978, pp. 287-290.

B. W. Kernighan and DB. M. Ritchie, The (' Pro-
gramming [.anguage, Prentice-Hall, Inc., Englewoed
Cliffs, NJ, 1973,

J. T. Kuehn, Il. }. Siegel, and P. I} Hallenbeck,
“Design and simulation of an MC6R000-based mul-
limmicroprocessor system,” 1982 fntl Conf. Parallel
Processtng, Aug. 1982, pp. 353-302.

J. T. Kuehn, II. J. Sicgel, and M. Grosz, “A distri-
buted memory management system for PASM,”
1988 IEEE Cemput. Sor. Workshop on Computer
Architecture for FPattern Analysis and  Imnage
Dalabase Management, Oct. 1983, to appear.

[10]

[11]

[12]

[13]

(14

(13] D. H. Lawric, “Acerss and alignment of data in an
array processor.” [ERE Trans, Compul., vol, C-21,

pp. 1143-1153, Poe. 1675,

(16] R. J. MeMillen and H. 1. Sicgel, “Routing schemes
for the augmented data manipulator network in an
MIMD system,” JEEE Trans. Camput, vol. (-3t
pp. 120271214, Dee. 1022,

B o




Proceedings of the Seventeenth Annual Hawaii International Conference on System Sciences, 1984.

[17] G. J. Nutt, "Microprocessor implementation of a
parallel processor,” {th Symp. Compul. Archilecture,
Mar. 1977, pp. 147-152.

[18] G. J. Nutt, “A parallel processor operating system
comparison,” IEEE Trans. Software Engr., vol. SE-
3, pp. 467-475, Nov. 1977.

J. K. Qusterhout, ). A. Scelza, and P. 5. Sindhu,
“Medusa: an cxperiment in distributed” operating
system structure,” Commun. ACM, vol, 23, pp. 92-
105, Feb. 1980.

D. S. Parker, “‘Notes on shuffie/exchange-type
switching networks,” JIEEE Trans. Compul., vol, C-
29, pp. 213-222, Mar. 1980.

D. 5. Parker and C. 5. Raghavendra, “The gamma
network: a muliiprocessor interconnection network
with redundant palhs,”™ 9th Symp. Compub. Archi-
tecture, Apr. 1982, pp. T3-80.

M. Pease, ““The indirect binary n-cube microproces
sor array,” IEEL Trans. Cempet., vol. C-26, pp.
458-473, May 1977,

D. M. Ritehie and K. Thompson, “The UNIX time-
sharing system,” Hell System Technieal Journal, vol.
57, pp. 1905-1929, July 1978.

M. C. Sejnowski, E. T. Upchurch, . N. Kapur, D.
P. 8. Charlu, and G. J. Lipovski, "An overview of
the Texas reconfigurable array compuler,” AFIPS
1880 Nat. Compuf. Coenf., May 1980, pp. 631-641.

H. 1. Siegel, Inierconneciion Nebworks for Large-
Seale Parallel Processing: Theory and Case Studies,
D. C. Heath and Company, Lexington, MA, to be
published, 1983.

H. J. Siegel, L. 1. Siegel, F. C. Kemmerer, P. T.
Mueller, Jr., H. E. Smatley, Ir., and 5. P. Smith,
“I’ASM: a partitionable SIMD/MIMD system for
image processing and patlero recogrition,” IEEE
Trans. Comput., vol. C-30, pp. 034-047, Dec. 1081,
R. J. Swan, 5. H. Fuller, and D. P. Silewiorek,
“Cm#*: a modular, multi-microprocessor,” AFf{PS
1877 Nal. Compul. Conf., May 1977, pp. 637-644,

D. L. Teemencksa and H. J. Siegel, “Application of
two-dimensional bin packing to task scheduling ia
PASM,” 18th Allerton Conf Communicalion, Con-
trol, and Compuling, Univ. of TIL, Oct. 1981, p. 542,

D. L. Tuomercksa and H. J. Siegel, “Analysis of the
PASM control system memory hierarchy,” 1082
Int'l. Conf. Parallel 'rocessing, Aug. 1982, pp. 363
370.

fro]

(26]

[27)

[28]

[20]

77

[30] I. L. Tuomenoksa and El. J. Siegel, “Analysis of
multiple-queue task scheduling algorithms for
multiple-SIMD machines,” 8rd Mnll. Conf Dislri-
buted Compuling Systems, Oct. 1982, pp. 114-121.

[31] D L. Tuomenoksa, G. B. Adams HI, H. J. Siege},
and 0. . Mitchell, “A parallel algoritkm for con-
tour extraction: sdvantages and architectural impli-
cations,” 1088 [EEE Compul, Soc. Conf. Computer
Vision Paltern Recognilion, June 1983, pp. 336-344,

{32] D. L. Tuomencksa and H. I. Siegel, “Preloading
schemes for the PASM parallel memory system,”
1888 Int'l. Conf. Parailel Processing, Aug. 1983, pp.
407-415.

33} W, A Wull and C. G. Bell, “C.mmp--a multi-
miniprocessor,” AFIPS 18%2 Fall Joeint Compul.
Conf., Dec. 1972, pp. 765-777.

BIOGRAPHIES

David Lee Tuomenoksa received the B.S, degree in 1980
and the Ph.D. degrea in 1083, hoth in electrical engineer-
ing from Purdue University, West Lafayette, IN. As a
graduate student, Dr. Tuomenoksa was a Research
Assistant for the School of Electrical Engincering at Pur-
due University. In June 1983 he joined AT&T Informa-
tion Systems Laboratories, [lolmdel, NJ, where he is
currently a member of the Technical Stafl. His rescarch
interests include computer architecture, operating sys-
tems for distributed/paratlel computer organizalions,
and office information systems. Dr. Tuomenoksa is a
member of the Asscciation for Compuling Machinery,
the IEEE Computer Sociely, and the Ita Kappa Nu,
Tau Betla Pi, and Phi Kappa Phi honorary socictics.

Howard Jay Sicgel rcecived the S.B. degree in clectrical
engineering and the 5.B. degree in management from the
Massachusetts Institute of Technology, Cambridge, MA,
in 1972; the M.A. and M.S.E. degrees in 1974, and the
Ph.D. degree in 1977, all in electrical engincering and
computer science {rom Princelon Universily, Princeton,
NI In 1976 Dr. Siegel joined the School of Tlectrical
Lngineering, Purduc Universily, West Lafayctte, IN,
where he is currently an Associate Professor.  His
research interests include parsllel/distributed processing,
mullimicroprocessor systems, image processing, and
speech processing. Dr. Siegel is the Chairman of the
ACM SIGARCH (Special Interest Group on Computer
Architecture} and is 2 member of the Eta Kappa Nu and
Sigma Xt honorary societies.






