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omy-determined provided processes are reason­
ably standardized and both suppliers and users 
develop or acquire the necessary software and 
hardware design aids. This would allow. users to 
do their initial design, possibly up to mask pro­
duction, in-house and then obtain competitive bids 
for device production from the normal suppliers. 
On the other hand, if the suppliers also have a 
well developed device design capability then they 
could simply supply the LSA specifications and 
logic equations to the supplier and have him do 
the complete development job as well as produc­
tion. It is still too early to say if this desirable 
state of affairs will in fact come about. 

While our current system of designing and pro­
ducing LSA's is not perfect, we have made con­
sid-erable progress. Mr. Booher, a rare combina­
tion of logic designer and system engineer (though 
if my predictions are correct, we will see more 
of this in the future) will describe a General 
Purpose Parallel Computer developed using his 
MOS-FET 4-phase logic. 
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MOS GP Computer 

by R. K. BOOHER 

North American RockweU Corporation 
Anaheim, California 

INTRODUCTION 

\Vhen the 2-phase, 20-bit shift registers using 
P-channel enhancement mode MOS-FET's were 
first introduced on the market many of us did not 
have the foggiest idea of what a MOS-FET was. 
Logical designers were intrigued by the functional 
complexity which the technology appeared to offer. 
System designers were pleased with the prospect 
'Of lower power and fewer package requirements. 
Semiconductor manufacturers predicted that MOS 
would be forgotten sooner than the tunnel diode. 

Autonetics studied the potential and the prob­
lems associated with direct coupled and 2-phase 
MOS circuits and promptly devised the 4-phase 
system which solved many of the problems of the 
2-phase system. The first MOS-LSA using the 4-
phase system was the Autonetics DDA Integrator. 
The first completely operational unit was produced 
during February 1966. This device has approxi­
mately 800 MOS-FET'S. 

After gaining considerable experience with the 
DDA and other 4-phase MOS-LSA circuits, we 
felt we were ready to design a general purpose 
computer suitable for n~vigation applicati'Ons. 

At this point I would like to state that this com­
puter, using MOS-LSA's, is fully operational. The 
computer was designed to satisfy the general re­
quirements of a navigation computer, consequently 
it is neither the world's fastest nor the most ver­
satile computer, but it does represent a quantum 
jump in the technology which produced it. The 
components are the most advanced in the industry. 
Numerous trade-offs had to be made before the 
logical equations for the machine c'Ould be written. 
Trade-offs were made between functional require­
ments, computer organization, MOS speed, IC size, 
IC complexity, number of leads per IC, number of 
IC types, and total number of Ie's. 
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To give you a feel for the class 'Of computer 
which has been built, I wiiI touch on some of its 
salient features (Chart 1). 

250 KC CLOCK RATE 

PARALLEL, SINGLE ADDRESS ORGANIZATION 

24 BIT WORD SIZE -INSTRUCTIONS & DATA 

3 I NDEX REG I STERS 

4 I NTERRU PT CHANNELS - WI TH LOCKOUT 

35 INSTRUCTIONS - MOST I NDEXABLE 

8 SEC ADD INSTRUCTION TI ME 

108 SEC MULTI PLY INSTRUCTION TI ME 

4K MEMORY - EXPANDABLE TO 32K 

4 SEC MEMORY CYCLE TIME 

24 I C' SIN CENTRAL PROCES SOR UN IT 
- -

8 I C TY PES INC PU 

CHART 1-M OS-GP characteristics 

We were quite conservative when we evaluated 
the speed capability of the MOS circuits. In par­
ticular, our design was based on a 250 kHz clock 
rate using a patented 4-phase gating scheme. The 
gating scheme allows fairly complex logic equa­
tions to be evaluated at each level of gating but 
only allows, at most, four levels of gating during 
each clock time. 

The machine operates in parallel with the con­
ventional single address organization. A serial 
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tnachine was under consideration at one time, but 
it was abandoned for two reasons; it was slower 
and, surprisingly, it was more complex. The word 
size is 24 bits for both instructions and data. This 
came abo~t principally from its intended use as 
a navigation computer. Three hardware index 
registers are provided, although one is pre-empted 
for use by the interrupt system. Four interrupt 
channels with programmable lock-out are pro­
vided. They operate on a rotational priority basis. 
Thirty-five instructions are provided, includitlg a 
108 J,Lsec multiply, a 108 .usec sum of products 
multiply, and a 112 .usec divide. Most of the other 
instructions require 8 J,Lsec. The main excep­
tions are the shift type instructions which are of 
variable duration. 

The computer is designed- to address a 32K word 
memory, however, we currently are using a 4K 
word core memory. This core memory happens to 
have a 2 J,Lsec cycle time, although the computer 
really only requires a memory with a 4 J,Lsec cy­
cle time to meet the stated instruction execution 
times. In the not too distant future we expect to 
operate the MOS-LSA's at 1 MHz clock rate, at 
which time we will require a memory with a 
1 J,Lsec cycle time. The central processor unit 
is mechanized with 24 MOS-LSA's of 8 types 
(Chart 2). 

The computer organization is fairly conven­
tional, using an accumulator, a lower accumulator, 
an operand buffer register, a program counter, 

FUNCTIONAL 
DIAGRAM 

R 
115041 

S 
115051 

T 
115061 

DATA 

4 MOS IC'S, 1508 

PROGRAM COUNTER 

INDEX REGI SITR 

INDEX REGISITR 

INDEX REGISITR 

40/> CLOCK 

~ 
1 HYBRID LSP 

CHART 2-Arithmetic and control section, MOS-GP 

and three index registers. Four 1502 LSA's are 
used to mechanize the 24-bit accumulator. Four 
more 1502 LSA's mechanize the 24-bit lower ac­
cumulator. Four 1500 LSA's mechanize the 24-bit 
buffer register. Four 1503 LSA's mechanize a 16-
bit program counter and three 16-bit index reg­
isters. One each of the 1504, 1505, and 1506 LSA's 
mechanize the mode control. These 19 LSA's real­
ly constitute the arithmetic and control portion 
of the computer. In addition to these LSA's, the 
Central Processor Unit (CPU) card also has four 
1508 LSA's to mechanize a core memory interface 
function and one hybrid LSA to mechanize the 4-
phase clock. 



The 1502 (Photo #1) mechanizes 6 bits of an ac­
cumulator and is used in this machine to mechan­
ize both the A and the L registers. It has four 
control inputs with signals which are exclusive; 
that is, the signals do not occur simultaneously. 
The AD.D control causes the 1502 to add the num­
ber presented on a first set of operand input lines 
to the number held in the 1502's internal register. 
The sum is left shifted one binary place as it is 
inserted into the 1502's internal register. This 
somewhat peculiar operation was designed to op­
timize the multiply and divide instructions. 

The add and subtract instructions require a 
compensating right shift which is the function of 
the SAR (shift A right) control line. In addition 
to the ADD and SAR control lines a CLR (clear) 
control line will clear the register to ~ero, and 
CPY ( copy) control line will cause the register 
to copy the number presented 'on a second set of 
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operand input lines. The latter function was in­
cluded principally to provide certain transfers of 
data between registers during multiply and divide 
operations. 

The compensating right shift which is required 
when executing an add instruction is performed 
before the left-shifted add" rather than after the 
left-shifted add. This provides the time required 
to complement the operand during the execution 
of a subtract instruction. The actual complement­
ing is done in the 1500 LSA's. The 1502 also 
mechanizes a "look-ahead" carry scheme. The 
actual add (left-shifted) is performed in one clock 
time-that is four levels of gating. In fact, durIng 
divide operations the computer develops quotient 
hits at the rate of one per clock time. The 1502 
LSA has 658 MOS-FET's. The die size is 110 
mils by 140 mils. 
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The 1500 LSA, (Photo #2), mechanizes 6 bits 
of the buffer register. The buffer register copies 
memory and supplies operands to both the A and 
the L registers. For instructions where masking 
is required, the masking is performed as the 
'Operand is copied into the buffer register. For in­
structions where complementing of the operand is 
required, the complementing is performed between 
the buffer register and the drivers which supply 
the operand to the A register or the drivers which 

supply the operand to the L register. 
In addition to these functions, certain "dum­

my" operands are supplied to the A and/or L 
registers at certain times. One example of this 
i~ when the L register is made to act like an up/ 
down counter during multiply operations by sup­
plying a "dummy" operand of +1 'Or -1 unit. The 
1500 LSA has 393 MOS-FET's. The die size is 110 
mils by 140 mils. 



The 1503 LSA (Phete #3) mechanizes feur bits 
'Of the pregram counter and feur bits 'Of each 'Of 
the three index registers. The functiens per­
fermed by the 1503 LSA are tied in very clesely 
te the 'Overall structure 'Of the machine. Its main 
function is te previde the addressing infermatien 
required te 'Operate the memery. The pregram 
ceunter takes care 'Of instructien addressing by 
ceunting as required and by cepying the appre­
priate address when a transfer instructien is exe­
cuted. Operand addressing is simply a matter 'Of 
copying the centents 'Of the address field 'Of the 
instructien werd if ne indexing is required. When 
indexing is required, the centents 'Of the appre-
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priate index register is subtracted frem the cen­
tents 'Of the address field 'Of the instructien werd. 
Each 'Of the three index registers can be leaded, 
read 'Out, tested fer zere and decremented, and 
loaded with the cemplement 'Of the contents 'Of the 
pregram ceunter. The last functien is used te set 
up a subroutine linkage. 

In additien te the~e functiens, the 1503 LSA 
prevides memery addressing during a beetstrap 
fill mede and ceeperates with input/eutput LSA's 
to set up the interrupt address when an interrupt 
request is henered. The 1503 LSA has 1053 MOS­
FET's. The die size is 160 mils by 170 mils. 
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The 1506 (Photo #4) mechanizes the basic con­
trol signals required for timing. A five stage 
counter is used to provide the timing for long in­
structions such as multiply, divide, and the shifts. 
All other instructions have only a first clock time 
of execute and a last clock time of execute. In­
dexed instructions have an indexing clock time 
inserted before their first clock time of execute. 

The 1506 LSA also mechanizes four interrupt 
channels with programmable lock-out. Simul-

taneous interrupt requests are resolved by using 
a rotational priority scheme. When an interrupt 
request is honored, the appropriate channel is en­
abled and an interrupt which is timed to the cur­
rent instruction sequence is issued. 

The 1506 LSA also mechanizes a number of mis­
cellaneous control signals. The memory write­
select signals are included in this group. The 
1506 LSA has 1016 MOS-FET's. The die size is 
160 mils by 170 mils. 



The 1504 LSA (Photo #5) generates some' of 
the basic mode control signals related to indexing, 
writing into memory, and executing transfer in­
structions. In addition, it generates some control 
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{ signals related to the ,execution of arithmetic in­
structions .. The 1504 LSA has 614 MOS-FET's. 
The die size is 110 mils by 140 mils. 
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The 1505 LSA (Photo #6) generates most of 
the control signals related to the execution of 
arithemetic and shift type instructions. It also 
generates the low order carry data required for 
arithemetic operations in the A and L registers. 

In addition, it process,es the high and low order 
data bits of the A and L registers for arithmetic 
and shift type instructions. The 1505 LSA has 
838 MOS-FET's. The die size is 160 mils by 
170 mils. 



The 1508 LSA (Photo #7) mechanizes six bit 
positions of a core memory interface. The circuits 
employed are considerably different from the 4-
phase circuits used in the other LSA's. The 1508 
LSA performs a selection of one of four data 
sources. A sample and hold function is then per­
formed to demodulate the· 4-phase type signal. A 
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level shift function is then performed to make the 
signal compatible with the current bi-polar levels. 
Finally, the 1508 LSA provides the drive required 
by the bi-polar system and at the same time pro­
vides the capability for inverting the output. The 
1508 LSA has 142 MOS-FET's. The die size is 88 
mils by 104 mils. 
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Currently, not much has been done in the input/ 
output area, however, one LSA has been developed 
specifically for the input area. In particular, two 

1501 LSA's (Photo #8) mechanize a buffered in­
put channeL This circuit was included with the 
development of the CPU, since it was required to 

load programs and data into the memory. The 
1501 LSA has 732 MOS-FET's. The die size is 110 
mils by 140 mils. ~o specific output circuits have 
been developed, howev,er, a few existing circuit 
types have been successfully applied to satisfy 
current output requirements. 



The breadboard computer (Photo #9) is small, 
~.nd, like most breadboards, it is a bit of a hodge­
podge. Most of the bulk is made up of lab power 
supplies, commercial memories, and miscellaneous 
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boxes. The central proc·essor, together with one 
input channel, consists of one large board with 
interconnected LSA's. 
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The LSA's are clamped into holders (Photo 
#10). 

A mock-up (Photo #11) shows how the com-

puter will be packaged for cockpit mounting in its 
initial application. 
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Hardware / software interaction on the 
Honeywell model 8200 

by THEODORE F. HATCH, JR. and 
JAMES B. GEYER 

Honeywell, Incorporated 
Waltham, Massachusetts 

INTRODUCTION 

The purpose of this paper is to describe the 
multiprogramming and multiprocessing features 
provided by the Honeywell Model 8200 and its 
Mod 8 Operating System. Many hardware fea­
tures are included on the Model 8200 to enhance 
its multiprogramming performance, and these are 
utilized by the Mod 8 Operating System to reduce 
system overhead, to provide efficient usage of the 
computer's throughput capacity for any program 
mix, and to simplify the user's job of scheduling 
programs. 

The Model 8200 is intended for large-scale com­
puter installations having many business-oriented 
applica~ions involving a high volume of input! 
output data manipulation and processing. Both 
local and remote job entry are provided. The 
monthly rental of a Model 8200 ranges from 
$38,000 to $75,000. 

Model 8200 Hardware 

Multiprocessor 

The Honeywell Model 8200 consists of two 
central processors, an Input/Output Controller, 
and two or more memory modules which are 
shared among the processors (see Figure 1). The 
memory size ranges from 256K characters (two 
modules) to 1,024K characters (eight modules). 
Memory addresses are interleaved across all 
modules, and the separate modules cycle inde­
pendently and can be accessed simultaneously. 
The memory cycle time is 750 nanoseconds for 4 
characters. 

The non programmable Input/Output Controller 
operates asynchronous to the central processors 

and can accommodate data transfer rates ranging 
from 1,333 KC to 3,833 Ke. The peripheral con­
trol unit capacity is 48 trunks or 96 trunks, and 
the maximum number of simultaneous data trans­
fers is 16 or 34. 

Unlike most multiprocessing computers, the 
Model 8200 contains two dissimilar central pro­
cessors - one word-oriented (the Multiple Pro­
cessor) and one character-oriented (the Support 
Processor). The Multiple Processor treats 8 
characters as one 48-bit word and executes 250,-
000 average 3-address instructions per second. 
This processor, which is upward-compatible with 
the Honeywell H-800 and H-1800 computers, per­
forms hardware-controlled multiprogramming of 
up to eight job programs plus a monitor or exec­
utive program. The Support Processor performs 
variable-length, 2-address instructions at an av­
erage rate of 100,000 instructions per second. 
This processor is essentially the same as the 
Honeywell Model 4200 Central Processor. Both 
central processors can take advantage of memory 
overlap when more than the minimum memory 
modules are available. 

Peripheral devices 

The Honeywell Model 8200 has extensive 
peripheral device handling capacity, encompass­
ing unit record, communications, and high-speed 
data-transfer equipment. 

These peripheral devices can be attached to the 
Input/Output Controller via three (optionally, 
six) I/O sectors ; each sector can accommodate 16 
peripheral control units. All of the I/O sectors 
except one can sustain a total transfer rate of 
500 KC, divided among up to 6 of the attached 
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FIGURE I-Honeywell 8200 system block diagram 

control units. The remaining sector can sustain 
a transfer rate of 333 KC divided among up to 
4 control units, or 1333 KC for a single control 
unit. Thus, as many as 8 (optionally, 17) high­
speed tapes can be active, ,or 5 (optionally, 11) 
high-speed disk transfers can be in progress con­
currently. 

Hardware features 

The Model 8200 has many features that sim­
plify programming of the Monitor and enhance 
the multiprogramming capability of the system. 
Among these are (1) hardware multiprogram­
ming, (2) Supervisor Mode (3) memory pro­
tection and relocation, and (4) peripheral device 
protectiQn and reassignment. 

Hardware multiprogramming 

Multiprogramming sequencing in the Multiple 
Processor is illustrated in Figure 2. The Multiple 

_",:1: 

Processor has the facility to execute as many as 
nine programs concurrently under control of 
eight program groups and a master group. 
A three-address-instruction format is used where­
by each instruction describes a complete opera­
tion, such as "add A to B and store the result in 
C." The result is that each instruction is a self­
contained entity, leaving no partial results in the 
accumulator or in common operational registers. 
Each of the eight program groups and the master 

NEXT ACTIVITY SCAN 

FIGURE 2-Multiprogram sequencing in the multiple processor 

group in the Multiple Processor has a set of 32 
addressable registers, including sequencing coun­
ters, index registers, and work registers (see 
Figure 3). Since each program group has the 
facilities to direct and execute a program, there 
is no requirement for loading ,or unloading of reg­
isters - even of the sequencing counter ~ when 
control is switched from one program to another. 
Hardware in the Multiple Processor executes an 
instruction from ,one active group and then scans 
for the next active group and executes an instruc­
tion from it. This scan process is completely 
overlapped with execution of the preceding in­
struction. When any program becomes unable to 
proceed (pending completion of SQme I/0 opera­
tion) , it is automatically removed from the multi­
programming sequence until the peripheral device 
is available; during this interval, the time-slices 
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FIGURE 3-Multiple processor control group 
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-normally used by that pr'Ogram are used instead 
by the other active pr'Ograms. Sip.ce the multi­
programming sequencing is done by hardware, 
monitor intervention is only required t'O supervise 
the allocation 'Of system resources at job start 
time and to perform special service requests 

_ (dump, load segment ... ). 

Supervisor m'Ode 

A master group; which can execute privileged 
instructions, is provided in the Multiple Processor 
along with the eight program groups. Master 
group can run in either of two modes, called hunt 
mode and no-hunt mode. In hunt mode it is given 
the same access to -the central processor as the 
eight program groups and thus the multipr'Ogram­
ming sequencing is among nine gr'Oups (see 
Figure 2). The Mod 8 Operating System uses this 
mode to execute resident Monitor functions (such 
as interpretation of Monitor calls and allocation 
of memory space :for monitor overlays). In no­
hunt mode, master group m'Onop'Olizes the use of 
the Multiple Processor by inhibiting the multi­
programming scan. Interrupts from the Support 
Processor, the I/O ContDoller or program groups 
force the Multiple Processor into master group 
no-hunt mode within one instruction time. These 
interrupts include peripheral interrupts, monitor 
calls, I/O service requests, and protection viola­
tions. Master Group registers which are shared 
between hunt and no-hunt modes, such as the 
sequerice counter, are saved and restored by 
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FIGURE 4-Hardware memory protection 

hardware in order to minimize the time to switch 
between master, group m'Odes. 

Memory protection and relocati'On 

Memory protection in the Model 8200 is done 
by a system of "locks" and "keys" (see Figure 
4). A key is a c'Ode number that is assigned to 
each group by the monitor pr'Ogram. A l'OCk is a 
code that is assigned to every 512-w'Ord (4,096-
character) block 'Of memory. The key is st'Ored 
in a key register associated with each program 
group in the system. Each of the tW'O central pro­
cessors and the Input/Output C'Ontroller has a 
hardware table (memory lock table) 'Of memory 
lock assignments. 

Whenever a request for mem'Ory access is made, 
the central processor or Input/Output Contr'Oller 
hardware checks the key of the program gr'Oup 
against the mem'Ory lock table. If the key matches 
the lock, the access is completed. If the key does 
not match the lock, the access is prohibited, the 
'Offending-program is turned 'Off or the data trans­
fer is terminated and master gDOUp is signaled 
that a memory violation attempt has been made. 

Alth'Ough each pr'Ogram is expected t'O 'Operate 
in its 'Own allocated area of memory, the alloca­
tion decision is made by the Monitor as the job 
starts its run and not by the job programmer or 
the compiler or assembler. This job allocation 
function is implemented by means of base re­
location registers. A base register, whose c'On­
tents can be altered only by master group, is pro­
vided for each program group and f'Or the Sup­
port Processor. As each pr'Ogram makes memory 
access requests for instructions or data, the 
c'Ontent 'Of its associated base register is added 
to the pDogram-produced address by the hard­
ware at no time penalty to the system. 
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FIGURE 5-Peripheral protection/reassignment 
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Peripheral protection and reassignment 

The Input/Output Controller contains a periph­
eral steering table which is set up by the Moni­
tor when a job program is allocated peripheral 
devices (see Figu~e 5). The contents of the periph­
eral steering table can be changed only by 
master group, and are used by the Input/Output 
Controller to determine which processor should 
receive each peripheral interrupt. The table is also 
used by the Input/Output Controller at the start 
of an I/0 request issued by the Support Proces­
sor to verify that the processor has been granted 
permission to use the addressed peripheral contrO'I 
unit. If it does not have permission, the Input/ 
Output Controller causes the Support Processor 
to make a call to master group. Thus, without the 
overhead cost of peripheral instruction verifica­
tion by software, programs running in the Sup­
port Processor are prevented from using periph­
erals not allocated to them. 

When a Multiple Processor program group 
wishes to .initiate a peripheral operation, it exe­
cutes an I/O request (Peripheral Control Order)· 
The execution of ari I/O request causes the is­
suing group to be "stalled" (taken out of" the 
multiprogramming sequencing) and an interrupt 
to master group to be made. Before the interrupt 
is made, however, the Multiple Processor, using 
the peripheral address and drive number in the 
I/0 request, looks at an entry in the peripheral 
protection/reassignment table set up by the Moni­
tor at job allocation time. This entry contains a 
lock that must be matched by the requesting 
group's key; if they do not match, the I/0 request 
interrupt is turned into an illegal-peripheral­
device interrupt. If the lock and key match, 
the I/O request is copied into a reserved area 
of main memory within the Monitor. During 
this copying, the peripheral address and drive 
number are taken fvom the table entry containing 
the lock value. The buffer address is added to' the 
base register before being stored. The I/0 re­
quest interrupt is then made to master group 
which picks up the verified and reassigned I/O 
request and processes it. 
, The hardware verification and reassignment O'f 
an I/O request eliminates the need for this func­
tion to be done by software, thus speeding up the 
process by at least a factor of 10. All software 
now need do is verify the seek address for mass 
storage devices. The me.mory address of the buf­
fer is checked by the Input/Output Controller 

during data transfer as described above. 
Peripheral reassignment is useful when a pro­

gram has been dumped in a checkpoint procedure 
and then later reloaded. When the program is re­
run, the physical data files need not be mounted 
on the same physical control units. The Moni­
tor simply makes the correct entries in the periph­
eral protection/reassignment table. 

Program scheduling and, multitask control 

The scheduling function on a large-scale com­
puter involves the dynamic management of many 
resources, including memory space, auxiliary 
storage space, peripheral devices, central proces­
sor usage, and input/output channel usage. 
Scheduling can be divided into two broad cate­
gories: the allocation of main memory, peripheral 
devices, and mass ito rage areas to each program 
(referred to herein as Program Scheduling) and 
the sharing of central processor and I/O channel 
time among those programs that are currently 
resident in memory (herein referred to as Multi­
task Controli. 

Progmrn scheduling 

Program Scheduling in the Mod .8 Operating 
System consists of two phases. The first phase 
selects a set of programs to be executed concur­
rently in such a way that as many available re­
sources as possible are made busy. The second 
phase assigns unused tape and disk pack drives 
for the mounting of volumes needed later and in­
forms the operator of these assignments. 

In order to maximize the utilization of system 
resources in a multiprogramming environment, 
it is beneficial to have a large number of diverse 
programs continually available for execution; 
also, the facility for allocation of resources among 
programs must be flexible. The Mod 8 Operating 
System allows submission of new job requests 
from a variety of sources at any time, thereby 
making it convenient for the user to constantly 
replenish the supply of programs waiting to be 
scheduled. Further, a variety of prO'gram types 
can be accommodated and scheduled for con­
current execution, thus increasing the probability 
that the available program mix can be multi pro­
grammed efficiently. For example, programs for 
the word-oriented Multiple Processor, programs 
for the character-oriented Support Processor, 
Honeywell 800/1800 programs using compati­
bility mO'de, and communications message-pro-
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cessing programs can be run at the same time. 
Each program is restricted to its own set of as­
signed resources by hardware protection features 
and is unable to interfere with other programs or 
the Resident Control System. 

Assignment of resources 

Flexibility in the assignment of Model 8200· re­
sources is indicated by the following capabilities. 

1. Any portion of memory can be assigned by 
the Mod 8 Operating System :.tor use by 
either the Multi Processor or the Support 
Processor. 

2. Any tape unit can be assigned to any pro­
gram regardless of the nature of the pro­
gram and regardless of which tape control 
it is connected to. 

3. A single disk device can be shared by sever­
al programs regardless of which processor 
they use. 

4. Each program occupies a contiguous block 
of memory, which can be dynamically re­
assigned (by moving the program and 
changing its base register) in order to free 
up a large contiguous unassigned area. 

Scheduling algorithm 

Each job submitted to the operating system is 
given a scheduling priority by the user. The Mod 
8 scheduling routine, which is called into opera­
tion every time new jobs are submitted or there 
is a change in resource availability, proceeds one 
priority level at a time: 

1. The highest priority level is considered first; 
2. Available resources are calculated for this 

priority level (the details of thh~ calculation 
are a function of the priority level, since 
some priorities can acquire memory cur­
rently used by certain lower priorities, and 
since no priority level can use resources on 
which a higher level has a claim) ; 

3. Requirements of programs at this level are 
determined (currently running p~ograms 

have no outstanding requirements) ; 
4. The most profitable program * is selected 

* A program is considered "profitable" to run now if it requires 
the use of currently unused resources and does not also require 
the use of any currently busy Tesource that cannot be shared 
efficiently. Thus, a program that requires only memory plus disk 
files on a currently unused di.sk control would be considE'rf'd more 
profitable than a program that requires memory plus a tape file 
on a busy tape control. Also, a program that requires a sequen-

from among thos,e for which enough re­
sources are available; if none remain in this 
level, the scheduling routine goes to step 6; 

5. Main memory, program groups, and tape 
and mass storage work areas for the most 
profitable program are allocated; the status 
of available resources is changed to reflect 
this allocation; and step 4 is repeated; 

6. Step 2 is performed for the next lower 
priority level if any progJ:'ams remain that 
haven't been processed. 

Program protection and isolation 

A necessary attribute of any multiprogram­
ming system is the protection of each p~ogram 
and the Resident Control System from all other 
programs. 

In the Model 8200, program protection is com­
plete and absolute. It is accomplished through 
a combination of hardware and software, and, 
significantly, this protection costs very little over­
head time. The protection features also assist in 
detection of programming errors, since any ac­
cidental attempt by a program to stray beyond its 
boundaries is immediately trapped by hardware 
and/or software. 

The hardware elements involved in program 
protection are listed below: 

1. Lock-and-key protection (see Figure 4). 
2. A peripheral protection/reassignment table 

(see Figure 5). 
3. All iHegal or potentially dangerous instruc­

tions are trapped to the r'esident Monitor and 
generate an interrupt to master group.. 

4. An endless uninterruptible loop within a 
program, which prevents all other programs 
from operating, is automatically terminated 
by hardware after a set interval of time. 

The hardware elements above are complemented 
by the following software elements to provide 
program protection in an optimal manner. 

1. The Multiprogram Contvol (MPC) instruc­
tion is useful, within a program which uses 
more than one program group, to initiate 
and terminate asynchronous tasks and to 
test for task completion. Because of, the 
danger that program A might affect a task 
within program B, all MPC instructions 
are trapped (by hardware) to master group. 

tially-accessed disk file on a busy disk pack device would be con­
sidered unprofitable because of the probable wasted arm posi­
tioning time between the two active files on the same disk. 
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The Monitor masks 'Out any reference to 
groups not belonging to this program, and 
perf'Orms the remaining actions specified in 
the instruction. 

2. Monitor functions are requested by the m'On­
itor call instruction, which identifies the de­
sired Monitor function and specifies param­
eter information. The Monitor verifies that 
each monitor call is legitimate to the extent 
that it will n'Ot cause the Monitor t'O get into 
a loop, partially destr'Oy itself, or affect any 
other current program. In addition, during 
loading of program segments, the Monitor 
employs the hardware memory protection 
feature t'O prevent 'One pr'Ogram from load­
ing into an'Other program's area. 

3. Since there may be several independent data 
files st'Ored 'On the same mass st'Orage device, 
the peripheral pr'Otecti'On/reassignment 
table is not sufficient t'O prevent a pr'Ogram 
from referring t'O an'Other program's file. 
H'Owever, the limits 'Of each mass st'Orage 
file used by every running program are 
st'Ored by Monit'Or in resident (pr'Otected) 
mem'Ory, and whenever a pr'Ogram issues a 
peripheral 'Order t'O mass st'Orage (which is 
trapped t'O master gr'Oup), the specified mass 
storage address is c'Ompared t'O the kn'Own 
limits f'Or this file. Thus, references to 
peripheral files n'Ot assigned t'O a program 
are prevented. 

As may be observed fr'Om the preceding hard­
ware and s'Oftware features, the pr'Otection 'Of 
each pr'Ogram from all 'Others is a result 'Of the 
isolation 'Of each pr'Ogram (see Figure 6). A pro­
gram cannot affect anything - e.g., main mem­
ory, control memory, peripheral devices - outside 
'Of its own assigned resources. 

Multitask control 

Multitask C'Ontr'OI is concerned with the dynam­
ic allocation of central process'Or time and in­
put/'Output channel usage among several pro­
grams 'Or tasks which are all resident in memory. 
In the Model 8200, each task is executed either by 
the Multiple Process'Or or by the Support Pr'Oces­
s'Or. Support Pr'Ocess'Or tasks, which are generally 
either communicati'Ons message c'Ontr'OI tasks or 
media conversi'On tasks (such as card-t'O-disk), 
are executed by a c'Onventional interrupt-driven 
m'Onitor which turns on the active task with the 
highest priority after pr'Ocessing each interrupt 
(such a pri'Ority directed system is referred to 

. MONITOR PERFORMS ONLY THOSE OPERATIONS 
WHICH AFFECT THIS JOB. PROGRAM IS TERMIN· 
ATEO BY MONITOR IF THE PROGRAM TURNS OFF 
ALL OF ITS GROUPS. 

TRAP TO fi MASTER GROUP 

PROGRAM TRAP INSTRUCTION 
IS TERM· TO 
INATEO'BY 
MONITOR ILLEGAL MEMORY MONITOR CALL 

REFERENCE 
MASTER ILLEGAL OP.cODE 

JOB 
PROGRAM 

GROUP OR ENDLESS LOOP 

TRAP TO 

PERIPHERAL 
INSTR~CTION 

U' MASTER GROUP 

OPERATION IS PERFORMED AS REQUESTED. UNLESS: 
(1) SPECIFIED DEVICE IS NOT ASSIGNED TO PROGRAM; 
12) SPECIFIED MASS STORAGE RECORD IS NOT AS­

SIGNED TO PROGRAM; OR 
13} DATA TRANSFER USES MEMORY NOT ASSIGNED 

TO PROGRAM. 

TRAP 
TO 

MASTER 
GROUP 

FIGURE 6-Isolation of individual programs 

MONITOR 
PERFORMS 
REOUESTEO . 
FUNCTION. 
PROGRAM IS 
TERMINATEO 
BY MONITOR 
IF CALL IS 
ILLEGAL OR 
CONTAINS 
ILLEGAL PA· 
RAMETERS. 

herein as "vertIcal multiprogramming"). Multiple 
Process'Or tasks, on the other hand, are each as­
signed a program gr'Oup and are executed in an 
interleaved manner by hardware (this meth'Od, in 
which 'One instructi'On is executed fr'Om each task 
in cyclical fashion, is referred t'O as "h'Oriz'Ontal 
multiprogramming"). Although a single Multiple 
Processor pr'Ogram can include m'Ore than one 
task (each being assigned a separate program 
group) , the terms "multipr'Ogramming" and 
"multitasking" are used interchangeably in this 
discussion. 

As the following discussion will show, vertical 
multiprogramming is advantageous when iot is 
necessary to give priority t'O some programs that 
have external timing requirements. This is, the 
reas'On that remote c'Ommunicati'Ons lines, for 
example, are controlled fr'Om the Support Pro­
cessor. H'Owever, it is 'Our c'Ontention that hori­
z'Ontal multipr'Ogramming, as pr'Ovided by the 
M'Odel 8200 MUltiple Process 'Or, is well suited to 
maximizing the throughput of a gr'Oup of typical 
business-oriented data pr'Ocessing pr'Ograms that 
make heavy use 'Of relatively fast input/'Output 
devices. 

For any program p to which specific data files 
'On specific devices have been assigned, there is a 
number Rp which is the rati'O 'Of the central pro­
cessor time used by the program t'O the time 
during which one or more of its files are active 
(assuming that the program is running alone). 
For a pr'Ogram which issues peripheral 'Orders 
with regularity, the program is peripheral-bound 
if R p < 1, and it is pr'Ocessor-bound if Rp> 1. 

F'Or an installation having mostly processor­
bound programs (R p> 1), the only method to pro-
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-time_ 

o 12 18 
VERTICAL MULTIPROGRAMMING. 1/0 (A) 11---+---+----+-1 -~I 

A HAS PRIORITY CP (A) 
CP (B) 

1/0 (B) 

VERTICAL MULTIPROGRAMMING. 1/0 (B) ~+----+--_-+---+---+-----< 

B HAS PRIORITY CP (B) ~ ~ ...... ....... ...... I-< .......... ........ 

CP (A) 

I/O (A) -+-----+----+--~-

HORIZONTAL MULTIPROGRAMMING 1/0 (A) >-0 ------l----+---+------4 

CP (A) 0····· .. • .... ••• .. • .................. • ....... • .... • ...... 1 
CP (B) I ......................... • ...... ·I .............. I ...... ~ 

I/O (B) >--+-~-+--+--+----+-_----I 

PROGRAM A REQUIRES 2 UNITS OF TIME TO PROCESS EACH DATA BLOCK; 
THE BLOCK TRANSFER TIME EQUALS 4 UNITS. 

PROGRAM B REQUIRES 1 UNIT OF TIME TO PROCESS EACH DATA BLOCK; 
THE BLOCK TRANSFER TIME EQUALS 2 UNITS. 

FIGURE 7-Effect of wrong priority' choice 

DA • 1.00 
CA • 0.50 
CB • 0.25 
DB • 0.50 
~ • 1.50 
~ • 0.75 

DB • 1.00 
Ce • 0.50 
CA • 0.50 
DA • 1.00 
~ • 2.00 
~ • 1.00 

DA • 1.00 
CA • 0.50 
CB • 0.50 
DB • 1.00 
~ • 2.00 
CT • 1.00 

vide increased thrQughput is to get mQre central 
proceSSQrs 'Or a faster 'One. However, if the in­
stallatiQn has a number 'Of peripheral-b'Ound prQ­
grams, its 'Overall thrQughput may be significantly 
imprQved by adding peripheral devices and mem­
'Oryand using a multiprogramming 'Operating sys­
tem. The degree 'Of impr'Ovement will depend 'On 
the nature 'Of the pr'Ograms and 'On the character­
istics 'Of the 'Operating system. 

If s-everal peripheral-bQund prQgrams fQr which 
L:Rp:::; 1 are executed cQncurrently under an ideal 
mllltitasking system, each pr'Ogram shQuld prQ­
ceed at its S'OIQ speed (i.e., its speed when run 
alQne) . FQr such a set 'Of prQgrams, hQrizQntal 
rrmltiprQgramming will perf'Orm as well 'Or better 
than a vertical system because the necessary ce'n­
tral process'Or 'Operati'Ons are always executed in 
less than the available time (which is determined 
by peripheral devices); the 'Only difference be­
tween the tW'O systems is the 'Order in which the 
central pr'Ocess'Or instructi'Ons are executed. 

- time _______ 

16 24 32 40 48 56 64 

110 (AI I I I ) II I II I I II I 1 I I 
CP (A) H H H I-------H \H H ~ H H I----H H H I----i 
CP (B) H f-- -H H H I-- ---+i 

110 (BI I--I------l I------i I I I I ) 

VERTICAL MUL TlPlIOGRAMMING 

I/O (AI I I I I I I I I I I 
CP (A) H H H t--"'-H H ~.~ 1--... -1 
CP (B) H t--... +( 1"'1 H I--... -ti ~ .. ~ 
I/O (BI +-+--i I I I I I J------+--

H 
I 

H 

I I 

DA • 0.94 
CA ·0.47 
CB ·0.35 
DB ·0.71 

HORIZONTAL MULTIPROGRAftIl .... ING DA • 0.89 
CA • 0.44 
CB • 0.44 
DB • 0.89 

I-- -H H 
f-----( t-------t----i 

~ ·1.65 
~ ·0.82 

~ -1.78 
~ - 0.88 

PROGRAMS A AND B REQUIRE 1 UNIT. THEN 1 UNIT. THEN 1 UNIT. THEN 5 UNITS OF TIME TO 
PROCESS EACH SET OF '4 DATA BLOCKS; THE BLOCK TRANSFER TIME EQUALS 4 UNITS. 

FIGURE 8-Programs oscillate between peripheral-bound and 
processor-bound 

--time--. 

o 4 8 12 16 20 

I/O (A) I I 

CP (A) H""'---' H t-------i t--I I---------l 
CP (B) H f---- -l H I-- -----f 

I/O (B) I----i I f--I I I 

VERTICAL MULTIPROGRAMMING DA = 1.00 
CA = 0.51 
CB = 0.38 

DB = 0.61 

I/O (A) I I I I I 
CP (A) I .... ·I····· ••••• ·····~· ••• + .................. ~ 
CP (B) I······ .. •• .. ····~····i···· .. ··· ...... ·.~ ...... ~ 
I/O (B) I II I ~ 

HORIZONTAL MULTIPROGRAMMING DA = 0.88 
CA = 0.50 
CB = 0.50 
DB = 0.88 

Dr = 1.61 
Cr = 0.95 

DT = 1.16 
CT = 1.00 

PROGRAM A, AND PROGRAM B, ALTERNATELY REQUIRES 1 UNIT AND 3 UNITS 
OF PROCESSOR TIME, OVERLAPPED RESPECTIVELY WITH 2 UNITS AND 5 UNITS 
OF DATA TRANSFER TIME. 

FIGURE 9-Program combination is processor-bound 

A m'Ore interesting situati'On 'Occurs when prQ­
grams f'Or which .L:Rp ~ 1 are a~ecuted c'Oncurrent­
ly 'Or when 'One 'Or m'Ore 'Of the pr'Ograms 'Oscillates 
!>etween being peripheral-b'Ound and being prQ­
cess'Or-b'Ound. Figures 7-9 illustrate three simple 
cases in which h'Oriz'Ontal multiprQgramming 'Of 
the type perf'Ormed 'On the M'Odel 8200 Multiple 
Pr'Ocess'Or prQvides better 'Overall thr'Oughput than 
fixed-priQrity vertical multipr'Ogramming. In 
these three figures, D A and DB are the fracti'Ons 
'Of a single data channel used by pr'Ograms A and 
B, respectively, while C A and CB · represent the 
percentage 'Of central pr'Ocessor utilizati'On by each 
pr'Ogram. D T is the t'Otal number 'Of data channels 
used, and C T is the fracti'On 'Of central prQceSSQr 
time used by the- tW'O prQgrams t'Ogether. 

Figure 7 is a case in which the pri'Orities 'Of the 
tW'O pr'Ograms affect their 'Overall perfQrmance in 
vertical multipr'Ogramming; 'Only if prQgram B 
is given a higher pri'Ority than prQgram A are 
b'Oth pr'Ograms executed at their S'OIQ speed. In 
Figure 8, both pr'Ograms 'Operate at less than I/O 
transfer speed because they 'Oscillate hetween 
being peripheral-b'Ound and prQcess'Or-bQund; in 
this case, multiple buffering (i.e., mQre than tW'O 
buffers per file) WQuld all'Ow them t'O run at I/O 
transfer speed. Figure 9 is a case where prQgrams 
A and B could n'Ot b'Oth be expected t'O run at SQ1Q 
speed under any system because Rp 1. The pro­
gram given highest pri'Ority under vertical multi­
pr'Ogramming runs faster than it runs under 
h'Oriz'Ontal multipr'Ogramming;' h'Owever, the t'Otal 
thr'Oughput 'Of bQth programs is better with hQri-
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zQntal than with vertical multiprQgramming. 
The main advantages 'Of the hQrizontal multi­

pr'Ogramming provided by the MQdel 8200 Multi­
ple PrQcess'Or are (1) task switching is aCCQm­
p.lished by hardware with zero time 'Overhead and 
(2) cQmbinatiQns 'Of prQgrams that make heavy 
use of peripheral devices tend tQ 'Obtain better 
overall thrQughput with hQrizQntal than with 
vertical multiprogramming. The above examples 
describe several cases where hQriz'Ontal multi­
prQgramming perfQrms better than vertical multi­
programming, even assuming zero task switching 
'Overhead fQr bQth methQds. PrQper chQice of 
priQrities when using vertical multiprQgramming 
may provide better thrQughput fQr 'One 'Of the pro­
grams when compared tQ its performance under 
horizontal multiprogramming; however, the c'Om­
bined throughput for all programs still WQuld not 
exeeed that for horizontal multiprogramming. 
Further, when complex data prQcessing programs 
are involved, it is very difficult to· knQW enough 
ab'Out the characteristics of these programs to in­
telligently decide which priorities to assign in 
order to produce the highest overall I/O thrQugh­
put, and usually the set of programs whiclf will 
run cQncurrently changes frQm day tQ day S'O that 
the choice of relative priorities would have tQ be 
done 'On a daily basis. In practice, when using 
vertical multiprQgramming, programs are as­
signed priorities 'On the basis of their assumed 
impQrtance and time requirements, if any; as a 
c'Onsequence, 'Overall I/O thrQughput suffers. 

In the MQd 8 Operating System, user-specified 
priQrities are used tQ influence the 'Original 
scheduling 'Of prQgrams (Le., their starting 
times), but 'Once started, the use 'Of hQrizontal 
multipr'Ogramming tends to provide maximum 
overall I/O throughput. 

Organization of the resident control system 

The Mod 8 Resident Control System (Physical 
I/O, Monitor, and parts 'Of Logical I/O) is or­
ganized t'O prQvide the following characteristics 
and capabilities: 

1. Adaptive tQ different am'Ounts of reserved 
mem'Ory (minimum 'Of 8,192 words) and to 
different work loads; 

2. Functi'Onally expandable (by adding overlay 
rQutines) with'Out increasing the reserved 
memory requirement; 

3. Usable c'Oncurrently by several programs; 
4. ResPQnsive to input/'Output requests 'On a 

JOB PROGRAM 2 

JOB PROGRAM 6 

~ -~ ~~ --
JOB PROGRAM 1 

DYNAMIC STORAGE AREA 
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DEVICE CONTROL AREAS 
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PROGRAM LOADER. 

Main Memory PERIPHERAL PROTECTION/ 
Location Zero REASSIGNMENT TABLE 

FIGURE IQ-Mod 8 memory organization 
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m'Ore urgent basis than requests fQr less 
time-dependent services. 

The first two caf)abilities abQve have been 
achieved by dividing the reserved memQry area 
int'O two parts: a permanent storage area and a 
dynamic storage area (see Figure 10). 

The permanent st'Orage area consists 'Of tables 
used by hardware and/or s'Oftware (peripheral 
pr'Otection/reassignment and res'Ource allocatiQn 
tables), the resident routines that execute in 
master group (Physical I/O and parts of the 
resident M'Onitor) , and resident routines that 
execute in one of the program groups (i.e., sever­
al commonly used Monitor r'Outines and resident 
L'Ogical I/O). 

Only the most c'Omm'Only used Monit'Or routines, 
such as the LQader, the Job Input File Reader, and 
the J'Ob Output File Writer, are permanently in 
memory. All 'Others are 'Overlay routines which 
are loaded into any available part of the dynamic 
storage area frQm mass stQrage when needed. 
However, if an 'Overlay r'Outine is called frequent­
ly it is likely to be in memory when needed, in 
which case it will not be rel'Oaded from mass 
storage (overlay routines d'O not destrQY them­
selves during executi'On, and hence may be re­
executed without being reloaded). Also all'Ocated 
from within the dynamic stQrage area are work 
areas required by the overlay routines during 
executi'On. Because these work areas are allQcated 
independently fr'Om the 'Overlay routines them­
selves, it is possible f'Or overlays to call other 
overlays in a subroutine fashion with 'Out aU such 
overlays being in memory at the same time. For 
inactive overlays to which control must be re-
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turned later, only the work areas need be retained 
in memory. 

The dynamic storage area is also used to store 
job description information for current and 
waiting jobs. The fewer jobs there are, the more 
memory is available to contain overlay routines 
and work areas. Because no fixed division is made 
between memory available for overlays and mem­
ory available for job descriptions,* the Monitor is 
able to optimize its performance in the context 
of the current workload. 

The third and fourth capabilities above have 
been obtained by dividing the functions of the 
resident control system into three priority levels 
and by executing the highest priority functions 
in master group no-hunt mode, the next highest 
priority functions in master group hunt mode, 
and the' lowest priority functions in program 
group mode (see Figure 11). 

Phy.sical I/O 

I/O requests and interrupts are handled in 
master group, running in no-hunt mode. When an 
I/O service request is executed by an active pro­
gram group, that group is put in the 'stalled' state 
by hardware. The I/O request is then verified by 
hardware using the peripheral protection/reas­
signment table. For mass storage devices, a 
check must be made by software to verify that 
the reference is within a file area available to the 
requesting program. Th'3 Input/Output Controller 
uses the memory protection system of locks and 
keys, so the buffer address and range of a data 
transfer request need not be checked by Physical 
I/O. 

For non-mass storage devices, the group is 
left stalled until the I/O request is accepted by 
the peripheral device. For mass storage, the group 
is stalled until the preceding order for the same 
file has been completed. In general, this means 
that a program can only make use of one or two 
data buffers per file. Double buffering is all most 
applications need, allowing processing of a block 
to overlap data transfer. If the amount of central 
processor time to process each block fluctuates 
greatly and many buffers should therefore be used 
to smooth the operation, a second task can be set 
up to read the blocks in advance. 

* Although there is no fixed division between these areas, the 
job description information is never permitted to expa,nd to 
the point where the largest overlay could not fit, but is saved on 
mass storage instead. 

----. -
...... -
...... -
-----

FIGURE ll-Operating modes of the Mod 8 resident control 
system 

Physical I/O is organized as follows. Each 
peripheral control unit in the system has a control 
area reserved for it in the permanent storage 
area. This serves as a work and status area for a 
device specific routine which can handle any num­
ber of peripheral control units of the same type. 
This allows the number and address of each 
peripheral control unit to be specified at system 
initialization time, as long as the system has been 
generated to handle the required types of control 
units. 

Mass storage requests are queued by drive. For 
each drive, a se'ek order is issued, for the data 
transfer on the closest cylinder to the current one 
in a fixed direction (Le., first from circumference 
to center, then from center to circumference, 
etc. ) . * For those drives which are presently posi­
tioned to the desired cylinder, orders are issued 
in a round robin fashion. 

An I/O request is verified upon receipt and 
held in a protected memory ar,ea until the periph­
eral order is issued; thus, the peripheral order 
can be' issued immediately when the peripheral 
device is ready to receive it. 

Having the file protection operation handled by 
Physical I/O enables the Mod 8 Operating System 
to allow the user to code his own I/O routines 
for special devices or for special file handling and 
yet not worry about device protection. The user 
also does not have a high overhead imposed on his 
own I/O operations. 

Monitor 

Although all interrupts within the Multiple 
Processor are received by master group no-hunt 
mode, those which are not critical for maintaining 
I/O throughput are passed along to master group 

*This is the SCAN procedure described by Denning.1 
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hunt mQde and prQcessed by the MQnitQr. These 
"nQn-critical" interrupts cQnsist Qf: 

1. MQnitQr calls (prQgrammed requests for 
services such as IQad segment, print mem­
Qry, rerun program, terminate prQgram, 
typeQut Qn the cQnsQle, schedule media 
cQnversiQn j Qb, etc.) 

2. OperatQr typeins (once the QperatQr has 
c.ompleted an unsQlicited typein, to' indicate 
SQme external cQnditiQn Qr request SQme sys­
tem actiQn, master grQUp hunt mQde is 
called UPQn to' interpret the typein and ini­
tiate the apprQpriate prQcessing) 

3. PrQgram errQrs detected by hardware (bar­
ricade viQlatiQns, illegal Qr privileged in­
structiQns, etc.) 

4. Peripheral device errQrs associated with a 
particular prQgram and detected by Physical 
I/O. 

AlthQugh interrupts to' master group no-hunt 
are queued by hardware, calls passed frQm master 
grQUp nQ-hunt to' master grQUp hunt mQde (to' 
p~Qcess "nQncritical" interrupts) are queued by 
sQftware. This is accomplished via a table Qf 
"group items," intO' which master grQUp nQ-hunt 
stQres call informatiQn and from which master 
grQUp hunt reads that infQrmatiQn. Any time that 
resident MQnitQr is activated in master grQUP 
hunt mQde, it scans all Qf the grQUp items to' de­
termine which Qne (s) is awaiting actiQn. There is 
Qne group item fQr each of ten PQssible call 
sO'urces: Multiple PrQcessor prQgram grQUPS zerO' 
thrQugh seven, the Support PrQcessQr, and the 
QperatQr's cQnsQle. The Gr.oup Item Setup rQutine 
stQres status infQrmatiQn within the appropriate 
grQUp item and prevents further interrupts frQm 
the same SQurce (e.g., if a prQgram uses groups 
3 and 4 and grQUp '3 issues a mQnitQr call, bQth 
groups 3 and 4 are turned off to' prevent further 
calls until this Qne has been prQcessed). 

Thus, as many as ten calls to' the MQnitQr may 
be outstanding at the same, time, and the prQ­
cessing of these calls dQes nO't prevent further 
high-priority (peripheral) interrupts frQm being 
handled. 

Even thQugh the response time to' a segment 
IQad request (fQr example) is nQt as critical as 
the response to a peripheral interrupt, it is still 
impQrtant in a multiprO'gramming system to. avoid 
tying up the MonitQr fO'r extended periods in be,: 
half Qf Qne program if this prevents .other prQ­
grams frQm obtaining MQnitQr services. Thus, 
if the MQnitQr is perfQrming a diagnO'stic memQry 

dump fQr prQgram A (which may require 5 to. 10 
secQnds), it is desirable fQr the MQnitO'r to' be able 
to' IQad a segment Qf prQgram B (which may re­
quire Qnly 0.5 secQnds) during this time. In .other 
wQrds, the MQnitO'r itself should be multiprQ­
grammed. 

This is accQmplished in the Mod 8 Operating 
System by utilizing Multiple PrQcessQr prQgram 
grQUps (nQrmally the same group which issued 
the monitQr call) to' perfQrm mQnitQr functions, 
and by prQviding a dynamic stQrage area within 
the reserved memQry area which can cQntain mQre 
than Qne mQnitQr overlay rQutine. 

Master grQUp hunt mQde merely turns Qn a 
Multiple ProcessQr prQgram grQUp to' execute a 
mQnitQr functiQn and then cQntinues its scan Qf 
the group ite·ms in parallel with that mQnitor 
functiO'n. Since many Qf the monitQr rQutines 
cQnsist Qf reentrant cQde, this means that several 
different mQnitor functiQns, Qr even the same 
mQnitor functiQn, may be executed simultaneously 
fQr s·everal different requesting prQgrams, and 
that the MQnitQr dQesn't appear "busy" to' a 
calling program until it has run Qut Qf space in 
its dynamic stQrage area. 

Logical I/O 

The LQgical I/O system has the main objective 
of keeping to a minimum the number Qf instruc­
tiQns necessary to' prQcess a data file. This is dQne 
as follO'ws. 

1. Privileged instructiQns are nQt used in 
Logical I/O, thus limiting the number Qf in­
terrupt-causing instructiQns. This is aCCQm­
plished by cQding mQst Qf LQgical I/O as 
re-entrant cQding residing in the permanent 
stQrage area. The hardware memQry prQ­
tection allows this area to' be read by any 
grQUP but changed Qnly by master grQUp. 
Thus, any or all groups can be executing 
the resident LQgical I/O cQding at the same 
time. 

2. File-specific coding is included within the 
jQb prO'gram. This cQding is specialized 
when the file is first Qpened, to' the require­
ments .of the file fQrmat and device type. 
Putting the basic QperatiQns Qf bIQcking/de­
blQcking and generatiQn Qf I/O requests fQr 
sequential prQcessing in file-specific cO' ding, 
instead .of dQing these QperatiQns with a 
CQmmQn interpretive subrO'utine, imprQves 
executiQn time in this area manyfQld. Device 
independence is obtained by specializing a 
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file at open time when the device type must 
finally be known. Reruns are still handled 
easily since the peripheral address used by 
the job program does not change on restart­
ing even when the actual device has a 
different address; the address is changed 
only in the peripheral protection/reassign­
ment table. 

The usual once-per-file functions (open, close, 
force end of volume) are coded as overlays to 
save memory. These functions also d,o not use 
privileged instructions and are re-entrant. 

The coding to handle nonsequential file pro­
cessing is handled by interpretive subroutines to 
save ,on memory space. This GET/INSERT func­
tion coding resides in two basic overlays (one for 
direct access file format, the other for indexed se­
quential file format) and are kept in mem,ory only 
while a file of the corresponding format is open. 

SUMMARY AND CONCLUSION 

The Honeywell Model 8200 and the Mod 8 Op­
erating System have been introduced as a multi­
processing/multiprogramming computer system. 
The interaction of hardware and software has 
been described, especially in the areas of protec­
tion and multiprogramming, as have the Opera­
ting System's scheduler and resident control sys­
tem. It is argued that the horizontal multipro­
gramming used on the Model 8200 provides 
greater I/O throughput with less attention from 
the user than does the more conventi,onal vertical 
multiprogramming. 

The potential throughput of a Honeywell Model 
8200 system is considerable, ensuing fr,om the 
speed of its two central processors (250,000 and 
100,000 average operation per second, respective­
ly) and the transfer rate of its input/output sys­
tem (up to 3,833,000 characters per second). 
However, the degree to which any data processing 
system achieves its potential (Le., the fraction of 
its .capabilities that are devoted to the customer's 
w,ork and not either idle or involved with house­
keeping) is a function of the job mixture and of 
the operating system ov~rhead. Because as many 
as eight programs plus communications and 
media oonversion tasks can run simultaneously on 
a Model 8200 (and these may be either checkout 
or production programs), it is highly probably 
that a well-balanced (heterogeneous) j,ob mixture 
will be available for processing at all times. The 
hardware and software features that have· been 
described, which result in low central processor 
overhead and rapid response to requests for in­
put/output and monitor action, make it practical 
to operate as many as five or six typical programs 
in parallel with very little degradation in the indi­
vidual performance of each. Thus, the Model 8200 
with the Mod 8 Operating System should come 
closer to achieving its full hardware potential 
than do competing machines in its market class. 

1 PJDENNING 
Effects of scheduling on file memory operations 
1967 SJCC Proceedings p 9 

2 ACHIRTLE 
A look at the model 8200 
Honeywell Computer Joumal Vol 2 No 1 p 5 April 1968 





Measurement and analysis of large operating systems 
dur~ng system development 

by D. J. CAMPBELL and W. J. HEFFNER 

General Electric Company 
Phoenix, Arizona 

INTRODUCTION 

Some months ago, representatives of one of the better 
known software houses contacted us with this proposal: 
They wished to sell us a tool for advancing! our techni­
ques in developing real-time systems. Their techniques 
allowed the exact reproduction of any observed se­
quence of real-time events. Thus, when a particular se­
quence caused a system error, the sequence could easily 
be reproduced so that the error could be analyzed and 
?orrected, and the correction verified. A powerful tool, 
mdeed. 

Yet we were not interested. We explained that the 
particular errors which would be most effectively ana­
lyzed by this technique did not cause us very much 
difficulty in our systems. 

While the presentation was a failure in the eyes of the 
software firm, it verified our belief that very few stand­
ard packages exist to assist in the measurement of 
operating systems. Our problem was not reproducing 
sequences of events, but rather simply finding out what, 
in fact, was going on inside the system. 

What is measurement and why measure? 

By measurement of any system, we mean the gather­
ing of quantitative data on the behavior of that system. 
For instance, timing runs on programs are measuring 
program performance. Likewise, simulations of systems 
are measuring tools of that system, since they give 
performance or behavior data on the system studied. 
The accounting information for user jobs is a measuring 
tool of an operating system; it gives measures of system 
resources used in running user jobs. Even thelowlymem­
ory dump is a measuring tool of a system because it 
shows how the system behaved. 

Due to their complexity, operating systems are partic­
~larly difficult to measure. In many cases, an operat­
mg system will correctly run each user job, but still be 
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grossly inefficient in using the computing power of the 
system. 

Cantrell3 describes a measuring technique that found 
system inefficiencies which had caused approximately 
30% degradation in system performance for almost two 
years. And nobody suspected that it was there! There 
really is a large potential pay-off in adequately meas­
uring an operating system, despite the difficulties of 
applying the yardstick. 

We have been engaged in the development, mainte­
nance, and extension of multiprogramming, mUltipro­
cessing operating systems for five years. During that 
time we have produced three maj or rewrites oftheoperat-· 
ing system for the same large-scale computer system. 
The latest version, called G ECOS III - a totally inte­
grated, on.;.line, remote batch, and time-sharing 
system-is described in recent literature.1 ,2 Our 
experience in the development of these systems also has 
led to the development of a series of techniques for the 
measurement and analysis of the behavior of our operat­
ing systems. One of these techniques has been described 
by Cantrell and Ellison.3 This paper discussed addi­
tional measurement techniques, limitations of each, 
values of each,' and specific lessons learned by applying 
these techniques to GECOS III. 

Types of measurements 

For purposes of discussion, it is convenient to group 
measurement techniques into two classes: hardware 
techniques and software techniques. The hardware 
techniques may be further subdivided into standard 
hardware features that may be used for measurement 
purposes and special hardware instrumentation, special­
ly added for the sake of analysis. Software techniques 
generally can be divided into three classes; simulation 
models of the system, measurement processes interior 
to the system, and finally, exterior measurement pro-
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cesses imposed on the system. 

Hardware measurements 

Hardware techniques have a long history. Anyone 
who used the IBM 650 can remember the address stop 
switches. When these were set, the computer would 
come to a halt when the indicated address was reached. 
Another more sophisticated hardware technique was 
the Trapping Transfer mode of the IBM 704. In this 
mode, the computer interrupted itself each time a 
tarinfer instruction was to be taken. Instead of trans­
ferring, it passed control to a fixed cell where a user pro­
gram recorded the event, and passed control afterward 
to the correct transfer point. Today most systems have 
simular hardware features; however in many cases they 
are operative only from maintenance panels by product 
service personnel. 

These techniques have passed out of the repertoire of 
the software developers. The necessity of manual inter­
vention made the address stop useless. The hardware 
trapping schemes suffer from three major disadvantages. 
First, the processor burden of analyzing each transfer 
can mUltiply running times by factors of three or more; 
Second, even if one were willing to pay the tremendous 
cost of processor (and elapsed) time, the huge volume of 
data produced can often prove to be quite indigestible; 
for example 700 pages of trpacing inlonnation and some­
where the one mistaken ath. It could take days to 
wade through ,to find the interesting place. 

While sufficient money, time and patience may over­
come these two disadvantages, the third disadvantage of 
transfer trapping is crushing for any real-time or inter­
rupt driven system. The act of trapping, analyzing and 
recording each trapped event so changes timing within 
the system that system behavior without trapning can­
not be duplicated when trapping is used. There is many 
a tale told by programmers debugging 110 supervisors 
about "hardware" errors that would mysteriously go 
away when trapping was used to find the error. Of 
course, what happened was that as soon as trapping was 
turned on, the interrupts that gave rise to the error 
occurred at different places within the system. It was 
the early experiences of this sort that gave rise to the 
myth of the sensitivity and consequent difficulties of 
real-time systems. 

Another set of hardware measurement devices, pres­
ent on almost every computer, and often ignored by 
programmers, is normal error-faulting procedure. As an 
example, overflows occur with orders of magnitude less 
frequently than transfers, therefore, it is possible to tie a 
system measuring function onto the occurrence of the 
fault. For instance, at least one FORTRAN object­
time debug package is made to operate by replacing the 

instructions to be trapped by special faulting instruc­
tions. 

Of the many special hardware devices added to a sys­
tem for measurement purposes, no single tool is 0 f 
greater potential power and versatility than the oscillo­
scope. Unfortunately, few programmers have the re­
quisite knowledge of the hardware logic to make in­
telli~ent use of the device, even if the computer manu­
facturer would let him poke around inside the cabinets. 

There i~ one special hardware device that we have 
found effective. This is a "black box" that can be at­
tached to the processor that passively examines each in­
struction to be executed. This device has a built-in 
counter to record' the occurrence of any given data 
pattern in the instructions; it may be used to record the 
number of times a particular instruction, say Multiply, 
is performed. Or it can count the number of times a 
particular cell is referenced. Since it is passive, the ,de­
vice does not appreciably alter the timing of the system. 
The major disadvantage of this kind of a monitor is the 
set-up time. There is rewiring to do each time the func­
tion is to be changed. Cantrell and Ellison3 describe a 
method for obtaining this information with a software 
monitor without inordinate overhead, and this method 
we believe is superior to the hardware monitor. 

In summa,ry, the various hardware devices for record­
ing system monitoring information are of limited in­
terest to 'the system developer. Generally, they suffer 
from lack of flexibility and, in some cases, slowness. 
However, as a course of last resort, such methods find 
their usefulness when all else fails. Apparently, com­
binations of hardware:triggered software packages, like 
the FORTRAN debug package previously mentioned, 
offer a good solutioh to tracing problems. 

Software measurements-simulation 

In turning our attention to the software measurement 
tools, the first topic ~o be discussed is simulation models. 
Today, there is perhaps no single technique more in 
vogue than simulation. As part of the development of 
the GECOS III system, a simulation model was de­
veloped. Although much effort and expense was put into 
the model, it proved to be of limited usefulness. Perhaps 
the specific difficulties we experienced were atypical, 
but it is worthwhile mentioning them as at least one case 
history. The major bottleneck was time. The simulation 
model was begun as soon as possible, but it was not de­
bugged until some months after the skeleton system 
worked. Thus many of the design questions that might 
have been answered through the model were in fact 
answered by initial running of the system. Because im­
plementation preceded simulation, the model became 
obsolete before it ever worked. When results began to 
arrive from the simulation, it was impossible to decide 
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if the results represented the current system or an 
earlier version. 

On the other hand, several developers had access to a 
time-sharing system, and a number of simple simula­
tions were written to check specific points. Since the 
designer did these to help make a specific design deci­
sion, they were done quickly and the results were used. 
For example, I/O requests are not necessarily done in 
order when latency reduction techniques are used on 
discs or drums. It is necessary therefore to ensure that 
any particular I/O demand is not forgotten forever. A 
simulation was done to find out the minimum time a re­
quest could be ignored without a decrease in device 
thoughput. If outstanding requests are ignored too 
long, the process owning the I/O request is unduly de­
layed. Conversely, when an old request is forced, a 
longer latency than usual may result. Thus, total device 
throughput suffers. With a simple program we found 
that a request could be bypassed no less than twice the 
average queue length. If specific requests are forced to 
be serviced sooner, then total transfer rate decreases 
rapidly. We feel that these simulation studies were 
eminently successful for us. 

Our conclusion on the use of modeling techniques is 
that ambitious large-scale models generated by profes­
sional model makers are less helpful than simpler work 
done by the systenl developers themselves. An interest­
ing sidelight on this subject is that results from any 
simulation are useful only if the user actually believes in 
the simulation. An act of faith is required. The large, 
complex simulation is less likely to be understood by a 
developer than a simple model he constructs himself. 
Thus there is considerabie hesitancy to change designs 
based on results from the large-scale simulation pro­
grams. 

Internal system measurement 

System recording is the second main type of software 
measurement. In our opinion, it is this area that is most 
often ignored by system developers, and one in which we 
believe we can make a contribution. There are four 
teclmiques of importance here: 

a) System design that allows for adequate measure-
ment 

b) Built-in system auditing techniques 
c) Event tracing 
d) Performance analysis and recording 

Let us now discuss each of these in detail. 

System design amenable for measuring 

The importance of the initial system design for meas­
urement purposes cannot be overstated. For example, 

unless it is possible to find out exactly where the proces­
sor spends its time, it may be nearly impossible to ac­
count for some significant amount of overhead. In the 
initial phases of GECOS III development, we did not 
distinguish between the time spent processing interrupts 
and the time spent w:aiting for interrupts to occur when 
all programs in the system were waiting for I/O comple­
tion. Thus, when we came to measure actual interrupt 
processing time, the data were not there. Consequently, 
a change was made to ensure the necessary distinction. 

As another example of design requirements for meas­
urement, consider the set of all programs in the system 
at anyone time that are waiting for the processor. In an 
early version of G ECOS, this set was defined by an elab­
orate set of tests conducted by the system dispatcher 
each time dispatching was done. It is clear that the 
number of jobs waiting for the processor in a :multipro­
gramming system are a measure of :multiprogramming 
interference. For in a uniprogranuning system, the sin­
gle job cannot ever wait for the processor. The length 
and behavior of the dispatcher queue is a most critical 
measure of the system. Thus it is very important to 
design the system so that data about the length and the 
wait time in the dispatcher queue can be easily meas­
ured. Our design is currently inadequate in this respect 
since we cannot obtain data on wait time in the dis­
patcher queue, although we do know the length of the 
queue. The same arguments can be repeated for 
virtually every important function in the system. For 
example, the behavior of the I/O queues is as important 
as that of the system service functions, such as reading 
input, peripheral allocation, and so on must be separa­
tely recorded. Thus, it is important to design each 
function of the system so that it may be separately 
analyzed and studied. 

A second design provision for measurement is the in­
clusion of system event counters to show the number of 
occurrences of low-frequency events. For instance, each 
memory compaction or program swap is counted. Mem­
ory compaction is the movement of all jobs in core to 
one end or the other so that all unused memory space 
becomes contiguous. Swapping is the removal of a job 
from core, in favor of a higher priority job. A study of 
the number of times memory compaction took place 
showed us that we had to introduce a damping factor to 
inhibit these compactions. 

When we allowed compactions to occur whenever 
necessary to get more jobs into core, we found that the 
system actually slowed approximately 20% in through­
put. The system was so busy moving core about that it 
never got around to doing any user work. At another 
time in development, we found that a program priority 
was being set incorrectly by observing an unusually 
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large number of program swaps. This particular pro­
gram was being swapped in and out continuously. If we 
did not have these built-in tools, it would have been next 
to impossible to see that things were going wrong inside 
the system, because there were no obvious exterior 
symptoms of these bugs, except decreased system per­
formance. 

System auditing 

The next important interior measurement technique 
is the inclusion of adequate system auditing. To "audit'; 
means to examine and verify, and that is exactly what 
we mean here. At any number of pla.ces within a system, 
entries are moved from one table to another or into or 
out of a given queue. If all is correct, the transactions 
are legal and each table or queue is consistent both 
before and after. 

In many cases, it can be argued that it simply is not 
possible for erroneous entry to creep into a queue. 
It often is quite amazing to see how a rather simple error 
at the beginning of a process can balloon into scores of 
strictly illegal transactions later on. 

The sympton of one of the most difficult errors we had 
in debugging the system was that the entry in a table of 
base address values was illegally zero. After several days 
of study, we finally found that a particular job was be­
ing doubly entered into the system and assigned two 
different index numbers. The job was actually allocated 
twice and put into execution twice. When the first copy 
terminated, the base address table was being cleared for 
the other copy. The double'data had passed through a.t 
least three different internal queues, each time incor­
rectly and each time further complicating the troubles. 
No auditing was done on entries passing into these 
queues. Finally we were able to lay this bug to rest when 

. we installed a series of checks on new entries in each of 
the queues. After this had been done, the real culprit 
was found and corrected within a day. We also found it 
necessary to install a check on one threaded list queue 
each time it was referen~~d. The list was becoming 
unsewn, and we couldn't find out who was doing it until 
we audited the list. A great deal more of this kind of 
auditing is needed than one might suspect. 

A second variety of internal auditing that we made 
considerable use of was to checksum critical tables at 
every reference. For instance, there are tables showing 
available space on disc and drum units. An erroneous 
store into one of these tables can lead to assigning un­
available space to a file. The first time anything goes 
wrong is when the true owner of the file again refer­
ences it, and then it is too late. By continually checking 
the table, a ruined table is discovered immediately, 

while the footprints of the culprit are still fresh. By 
using this technique, our . troubles have been minimal 
with ruining files. However, we have found it neces­
sary to install some additional audits on these tables. 
When space is given back to the available pool, we 
added checks to verify that the space definition is within 
reason. 

As a second part of the effort to ensure the veracity of 
files, we checksum all system files as they are loaded into 
core for execution. In earlier versions of the system, 
countless hours were wasted re-editing the system be­
cause we suspected a system failure occurred when the 
files had been written over accidentally. After spending 
the time to edit, all too often we then found that the bug 
was still there. With checksums we know that if the file 
loads, it is correct, and we are not distracted from the 
real problems by worries of overwritten files. 

Event tracing 

So far, we have discussed a variety of techniques u,sed 
in our system to provide for a very limited form of meas­
urement: finding bugs. Now we turn to the technique used 
to provide data for performance measurement. We call 
this technique the event trace. A brief history of the 
tracing methods we have employed makes the event 
trace more understandable. 

In the first versions of the operating system, it was al­
most impossible to infer what had been happening prior 
to a system failure. Casting about for a solution to this 
problem, the developers noticed that all communication 
between modules of the system passed through a com­
mon routine-the equivalent of a FORTRAN CALL 
and EXIT. In this routine, it was possible to record 
each intermodule transfer in a circular list. Thus, at any 
time, the last transfers could be seen, and from this, the 
operation of the system could be summarized . 

This trace table was a tremendous advance in easing 
the job of analyzing system failures, yet a number of dis­
advantages were found. In the first place, it was dis­
covered that the processor time used to make these flow 
trace entries was inordinate in many cases. Which I/O had 
terminated when control passed into the interrupt 
handler? Which I/O was started next? Was there any 
error on the terminating I/O? Anordinary flow trace just 
o;1an't say. 

I t was apparent from our studies that the need 
was for a trace to show the important events, or 
decisions, made within the system. At the same time, 
data appropriate to the event should be captured. We 
call this kind of trace an event trace because it records 
system events, not necessarily system flow. The follow­
ing list shows the events that merit a trace entry, along 
with the data interest: 



EVENT 

10 Interrupt 

Interrupt Queue Value 
Process Interrupt 
Connect 10 

System Module CALL 

System Module GO TO 

System Module EXIT 
Dispatch to Program 
Master Mode Entry 
Fault 
Return from Interrupt 

Processor 
Enter Status Return 
Leave Status Return 
Slave Road Block Broken 
Slave Relinquish Broken 
Interrupted Program to Head 

of Processor Queue 
Interrupted Program to Tail 

of Processor Queue 
Call Device Module 
Start 10 Error Recovery 
Start Abort Processing 
Start Program Swap 
Start Courtesy Call 
Leave 10 Error Recovery, 

Abort, Swap or Courtesy 
Call 

Enable Program 
Start Activity 
Start Memory Compaction/ 

Swap 
End Memory Compaction/ 

Swap 
End of Activity 

Call't allocate 

Shared Device Space Refusal 

New Job to System 
Program Number Assigned 
Job to Peripheral Allocator 
Activity to Core Allocator 
System Output Ready 
System Output Printing 
System Output Punching 
System Output Printing 

Finished 
System Output Punching 

Finished 
10 Channel Idle 
10 Demand Queue Length 
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DATA 

Time of day, Location of 
interrupt 

Current values after interrupt 
Interrupt status, pub 
TO entry location, pub, device, 

command 
Location of call, Module name 

entry point 
Location of go to, Module name 

entry point 
From and To location 
Location in program, time of day 
Location, entry type 
Location, fault type 

Time of day 
Location of 10 entry, pub 
Location of 10 entry, pub 
Program number 
Program number 
Location in program, program 

number 
Location in program, program 

number 
Pub, 10 request location 
Program number, time of day 
Program number, time of day 
Program number, time of day 
Program number, time of day 

Program number, time of day 
Program numher 
Time of day 
Number of program to move/ 

swap time of day 

Program number, time of day 
Program number, termination 

code 
Device, number required 

program 
Device, amount requested, 

amount available 
Job ID, time of day 
Program number, job ID 
Program number, time of day 
Program number, time of day 
Job ID 
Job ID 
Job ID 

Job ID 

Job ID 
Pub, time of day 
Pub, length, time of day 

fifty different events that are traced by GECOS III. 
As an extra degree of flexibility, each type of event 

trace can be turned off or on at system start-up time. 
Thus the trace, when fully on, is an exceedingly detailed 
picture of the system behavior. For ordinary purposes, 
many of the individual traces are turned off, giving a 
rougher picture of a longer time interval. As in previous 
versions, the trace entries are recorded in a circular table. 
In a production environment, all traces are turned off, 
this provides the greatest system speed that can be 
achieved. We have found that the normal traces cause a 
system speed degradation of only a few percent. Timing 
of the system is not disturbed by this. 

The implementation of the trace allows easy addition 
of new entries and modification of the data in existing 
entries. Trace entries are coded in-line where desired. 
An execute instruction is used to test if tracing is on or 
off. If the trace is off, control passes to the following 
instruction. Otherwise, control passes to the tracing 
control routine where the state of the routine is saved, 
and then control passes back to the second instruction 
following the execute. An index register is set in the 
control routine to allow the user to transfer back into it. 

In the user's in-line code, the 72 bits of trace data are 
placed in the accumulator and quotient registers. Since 
the state of his program is saved, he may destroy the 
contents of any register if necessary. When the data has 
been put into the registers, he can transfer through 
the index register to one of three entry points in the trace 
control routine. One of these points adds time of day to 
the data; another inserts program number and processor 
number; the third stores the data in the table without 
. modification. After the data are stored in the trace table, 
the state of the program is restored, and control passes 
to the instruction following the execute code. 

If some traces are off and others on, a test is made in 
the routine that stores the data within the trace table 
against the trace type presented. If that trace is off, the 
dataaren'tstored. At the same time, the execute instruc­
tion that. triggered the trace entry is found and is modi­
fied into a no operation instruction. Thereafter, the 
trace control routine will be bypassed. Thus, no pro­
cessor time will be spent generating unwanted trace 
·entries. Figure 1 is a flow chart of these routines. 

After this trace was implemented, we found it difficult 
reading the trace table in the octal memory dumps pro­
ducedby system failures, so we wrote a routine to 
expand the trace into Engll~h language. The effort re­
quired to do this was modest, and has paid for itself 
manyfold. 

This list is by no means exhaustive, there are some 

Figure 2 shows a portion of the expanded trace table 
as included in a system dump. This figure is the be­
ginning of a system memory dump. On the first line is the 
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.. _____ frIME OF DAY 

I L -00·35 

"(0 -TRACE 
[ TABLE 

Figure I-System trace 

YES 

system and fault identification. This is followed by the 
register control at the time of dump in the next two 

lines. Under the heading "Trace Table" is the expansion 
of the event trace into text. On the left hand column is 
the cell address of each entry. Note that there are two 
trace entries per line. Each entry is two words long and 
the addresses increase by four on each successive line. 

The data that can be obtained. from the event trace are 
useful for far more than simple system debugging. The 
trace provided the data for microscopic measurements 
of specific processes within the system. For instance, we 
were able to determine that interrupt processing time 
was within bounds. Also, we were able to verify that 
system Joad time was up to specifications. 

One of the more interesting measures obtained from 
this data was the frequency distribution of interrupts. 
The dispatching rule of GECOS makes this distribution 
very important. A new dispatch is made after processing 
each interrupt. By recording the time of day of a great 
many interrupts, we were able to assure ourselves t.hat 
we were not dispatching too often. 

Performance analysis with exterior tools 

While the internal counters and trace go a long way in 
providing the tools needed for system measurement, they 
do not provide a method for long terrn measurement. 
To do this, a third major type of measuring technique is 
called. This is the use of exterior tools to measure sys­
tem performance. 

Once a system is working, the important question is 
how does it work for long periods of time? The analysis 
of performance requires summarizing data on system be­
havior that is difficult to extract from the trace. To ob­
tain this data three avenues of approach are available­
all exterior techniques- and each has been successfully 
used for specific purposes. First, an analysis of the 
standard system accounting data has been made on oc­
casion. While this data show precisely the resources 
used, and the elapsed time, it is next to impossible to in­
fer what else is going on within the system. And, of 
eourse, those system functions that are invisible to the 
user, like memory compaction, are not reported on the 
accounting data. 

The second technique we used was to record the trace 
entries on a maglfetic tape for later analysis. A program 
was written to extract any desired subset of the trace 
entries from the tape al).d to print them, along with time· 
of daY', differences in time of day between successive en­
tries, and the time of day differences between successive 
like entries. 

An analysis of this kind of data allows a measurement 
of swapping time and swapping frequency, for instance. 
In general, timing studies of any specific system func­
tion can be made with this kind of data. U nfortuna tely, 
it is not possible to easily measure the degree of system 
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utilization using this technique. For instance, it is not 
possible using this trace data to determine the length of 
the dispatcher queue. Figure 3 shows an example of this 
data. 

This figure shows event trace entries from a GECOS 
III run that were saved on a magnetic tape and then 
summarized. The summarizing program adds the left­
most and the last three columns on the right. The first of 
these three columns contains the change in time of day 
(TRACE DELTA) between each successive pair of 
trace entries which contain time of day as part of their 
data. For instance, the first column shows that 8.70 
milliseconds elapsed between the first and second lines 
on the trace. The second column shows the time dif­
ference between successive like entries. 

Here one can see that the time between the three dis­
patches was 25.36,28.59 and 33.83 milliseconds. Finally, 

on the extreme right is the time of day of the event. 
Down the left-hand side of the page is an index num­

ber to identify each trace entry. The summary program 
may be given ranges of this value so that only certain 
portions of the trace data are displayed. Likewise, the 
summary program will select any combination of the 
trace types for summary . 

During system development, our first measurements 
were made using the circular trace table from memory 
dumps. N ext, we used the captured trace entries and 
the reduction program to measure successively larger 
functions within the system. Ourmeasurementproceeded 
from the microscopic to the successively more gross. At 
first glance, this may well seem to be quite backward. 
However, during system development, the system it­
self is put together and made to work in precisely this 
order. At first, the system works for only a few mo-

GECOS 0 VERSICN 0 04/]']'/~ CPO FPO SYSTEI1 FAULT IC 0426],2 1M 53527256::1"" l.M L04 SYSTEf1 ID LOTE:!)T 

IC 0426],2 IR 002200 BA 042336 ER 000 AR 007],2],0034],0 QR 01.0].42007].6]' TR 00007745 
XO 004300 X], 042],60 X2 000000 X3 04],2],2 X4 777].54 X5 042000 X6 00000], X7 00000o 

TRACE TABLE- LAST ENTRY 037520 

037474 LV STIO-IC+I 0].4243 0000 wmD2 00000000]'000 

037500 RTN - INT-wffiDL 0000000000],7 HffiD2 003430665437 

037504 MME FAULT-IC+I 042706 0002 PRC 0 PRG 0], TYPE GESPEC 

0375LO • CALL- IC+C 042737 4002 PRC 0 PRG 0], .MIOS ENTRY 07 

0375].4 LV GEPR,ABT,SWAP,CC- PRC 0 PRG 0], Tt.r~E 00343066621.2 

037520 • CALL- It+1 0426].2 0022 PRC 0 PRG 0], .I'FALT ENTRY 0:1. 

037524 PROC TI- 10 ENTRY 04:1.2:1.2 Q CNT 06 PRG 0:1. QUE 400000000020 

037530 CHAN QUE.- NDEX 0020 SIZE 0000:1. TII1E OF DAY 003423767077 

037534 R TN - INT -W(JU):1. 0000000000:1.7 

037540 IOC CTRS S-T-I :1.20700 0000 

\;ORD2 003423767165 

0000000000000 

. 037544 LV STRET-IC+CX OL4207 0020 PRC 0 PRG 0:1. ENTRY 04:1.2:1.2 

037550 IDLE CHAN- NDEX 000020 TH1E OF DAY 00342402035:1. 

037554 DISPATCH= IC+I 005465 XXX2 PRC 0 PRG 0:1. TOD 003424020432 

037560 CCNNECT- 10 ENTRY 04:1.2:1.20000 

037564 LV STIO-IC+I 0].4752 0000 

037570 IOC CTRS S-T-I :1.2:1.000 0000 

037574 CONNECT- 10 ENTRY 04:1.2].20000 

037600 LV STIO-IC+I 0].4243 0000 

PI1X 340:1.20000000 

laD2. 04:1.2:1.2ooLOOO 

0000000000000 

PI-1X 250:1.20000000 

WORD2 04:1.2:1.200:1.000 

037604 DISPATCH= IC+I 005466 XXX2 PRC 0 PRG 0:1. TOD 00342402],],32 

0376:1.0 TERM INT= IC+I 004:1.74 0062 TmE OF DAY 003424037135 

03761.4 PROC TI- IO ENTRY. 0412:1.2 Q CNT ],], PRG 01. WE 400000000020 

037620 LV SnD-IC;'I 0,,4243 0000 laD2 00000000:1.000 

037624 RTN - .JNT-WORD:L 0000000000:1.7 I-«lRD2 003424037347 

037630 • CALL- IC+I 0402LO 0022 PRC 0 PRG 0:1. .MIOS ENTRY 04 

IDLE CHAN- NDEX 000000 TIME OF DAY 003430665374 

DISPATCH- IC+I 005465 XXX2 PRC 0 PRG 0:1. TOD 003430665473 

.CALL- IC+1 042725 0002 PRC 0 PRG 01. .MIOS ENTRY 04 

'",E FAULT-IC+I 043063 0002 PRC 0 PRG 01. TYPE GEENDC 

DISPATCH= IC+I 042635 XXX2 PRC 0 PRG 0:1. TOD 003430666252 

lac CTRS S=T-I 1.20600 0000 

CDNNECT- 10 ENTRY 04:1.2:1.20000 

LV STID-IC+I 01.4243 0000 

TERM INT= IC+I 004:1.74 0062 

0000000000000 

PMX 2501.20000000 

WORD2 04:1.2:1.200:1.000 

TIME DF DAY 003424020:1.64 

PROC TI - 10 ENTRY 04:1.2:1.2 Q CNT 07 PRG 01. QUE 440000000020 

LV STIO-IC+I 01.4243 0000 WORD2 00000000:1.000 

RTN = INT·-NORD:1. 0000000000:1.7 WORD2 003424020376 

.CALL- IC+I 034357 0002 PRC 0 PRG 0:1. .MIOS ENTRY 0:1. 

CHAN WE.- NDEX 0020 SIZE 0000:1. TmE OF DAY 003424020567 

TERM INT= IC+I 005466 2002 TIME OF DAY 003424020660 

PROC TI- 10 ENTRY 04:1.2:1.2 Q CNT LO PRG 0:1. QUE· 4000U0000020 

CHAN QUE.- NDEX 0020 SIZE 0000:1. TH1E OF DAY 00342402:1.007 

RTN = INT-HrnD:1. 0:1.27620002:1.7 WORD2 003424021.075 

IDLE PROCESSffi- PRC 0 T mE OF DAY 00342402],],71 

IOC CTRS S-T-I ].2],],00 0000 

LV STRET-IC+CX 01.4207 0020 PRC 0 PRG 0:1. 

0000000000000 

ENTRY 04:1.21.2 

IDLE CHAN- NDEX 000020 TIME OF DAY 003424037322 

DISPATCH= IC+I 005465 XXX2 PRC 0 PRG 0:1. TOD 003424037403 ' 

.CALL- IC+I 040274 2022 PRC 0 PRG 0:1. .MIOS ENTRY 0:1. 

Figure 2-Tracetable 
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ments; however, this is sufficient to allow measurements 
of dispatch, or interrupt processing time. As the system 
grows, measurement of swapping and so forth can be 
made. Finally, comes the day that the parts work indi­
vidually and interesting questions revolve around 
the relationships between the component parts. 

At this time, the third exteIior measuring tool is need­
ed. This is what we call a system monitor. The monitor 
is a user program that is allowed to break into the sys­
tem itself. It collects and summarizes a great number of 
the parameters available in the system. These are dis­
played at several-second intervals on a printer or 
cathode-ray tube. Both devices have their place. The 
CRT is used for continuous display during normal use 
of the system. The printer is needed when specific anal­
ysis is to be made of particular jobs. 

An example of the printer output from this monitor is 
found in Figure 4. Figures 5 through 12 illustrate the 

3.8219 03. 07-3.8-67 GECOS 111 TRACE 

035465 IDLE PROCESSffi PRC 0 

data displayed on the cathode-ray tube by this monitor 
program. When the program is called by the CRT ter­
minal, the display shown on Figure 5 is presented. With 
this display We can pick a sampling interval and also 
pick one of the given specific monitor displays. Once the 
time interval and display have been chosen, the monitor 
program passively samples the system at the rate chosen 
and displays the data. The user at the CRT terminal 
may break in with a request for a new display at any 
time. Figures 6 through 12 are samples of the displays 
numbered one through seven in Figure 5. 

The first display, system configuration, is shown in 
Figure 6. This shows the devices found on each of the 16 
independent pubs or input-output channels. It also 
shows ih the second column the number of devices actu­
ally available. It will be noted from Figure 6 that one 
. tape unit on pub one is unavailable. Figure 7 is a display 
of a great deal of data of interest to the system designer. 

(TIME IN MS) PAGE 3.9 

TRACE DELTA EVENT DELTA TOD 

8.70 50.80 39695.33. 

035466 TERMINATE INTERRUPT IC&I 003276 0062 6.94 J.9.05 39702.25 

035472 RETUW FROM INT. PROCESSOR PRG 00 SCT 000000 CH&IOC 00 S T A Tl. OOOOOOOOXXOO 3..4:1. 3.1.50 39703.66 

035473 TERMINATE INTERRUPT IC&I 003276 0062 4.92 6.33 39708.58 

035477 INITIATION INTERRUPT IC&I oo7l.02 0042 3..73 25.38 3971.0.33. 

035502 RETURN FROM INT. PROCESSOR PRG 00 SCT 000000 CH&IOC 00 STAll. oooOooooXXOO :1..20 7.86 397],],.52 

035503 DISPATCH TO PROGRAM PRC 0 PRG 77 IC&I 004453. 0772 .45 25.36 397],],.97 

035506 IDLE PROCESSOR PRC 0 3..69 3.8.34 397].3.66 

035507 TERMINATE INTERRUPT I C& 1 00327<> 0062 23.50 28.58 39737.3.6 

O~553.3 INITIATION INTERRUPT IC&I oo7l.02 0042 :1..72 28.56 39138.88 

03553.6 RET~N FROf~ INT. PROCESSOR PRG 00 SCT 00000o CH&IOC 00 ST A Tl. ooooooooXXOO 3..23 28.59 39740.],], 

03553.1 DISPATCH TO PROGRAM PRC 0 PRG 20 IC&I 004453. 0202 .45 28.59 39740.56 

035524 IDLE PROCESSOR PRC 0 3.78 30.69 39744.34 

035525 TERMINATE INTERRUPT IC&I 003276 0062 3.6.97 24.3.6 39763..33. 

035533. RET~N FROM INT. PROCESSOR PRG 00 SCT 00000o CH&IOC 00 STAT3. OOOOOOOOXXOO 3..38 22.58 39762.69 

035532 TERMINATE INTERRUPT IC&I 003276 0062 8.3:1. 9.69 3977]..00 

035536 INITIATION INTERRUPT IC&I 001],02 0042 3..13 33.86 39712.73 

035543. RET~N FROM INT. PROCESSffi PRG 00 SCT 00000o CH&IOC 00 STAT3. OOOOOOOOXXOO 3..20 ],],.25 39113.94 

035542 DISPATCH TO· PROGRAM PRC 0 PRG 77 IC&I 004453. 0772 .45 33.83 39774.39 

035545 IDLE PROCESSOR PRC 0 3.22 33.27 39777.63. 

035546 TERMINATE INTERRUPT IC&I 003276 0062 48.3.6 54.77 39825.71 

035552 RET~N FROM INT. PROCESSOR PRG 00 SCT 00000o CH&IOC 00 STAll. ooooooooXXOO 3..36 53.:1.9 39827.3.3 

035553 TERMINATE INTERRUPT IC&I 003276 0062 :1.2.53 3.3.89 39839.66 

Figure 3-Trace summary 
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7SIXY 01 08-25-67 Figure 1-Printer monitor PAGE 3 

MEMCRY MAP (%=PROC, THlE/DELTA TH1E) ~pu-r1U-DR-DS PRG (it CORE SWAP H/CR H/PRF) QUEUE <DISP CC SYSO P-AL C-AU TOD 
000-031 0 1%I91%GGGGGGGGGGr~S<SOO~333S0 9 67 49 57 7 7 0 0 0 0 0 0 0 0 0.020 
032-063 0%2222S00%7 
064-095 SSOO~WWWUWWU 

096-:1.27 SS04%U~JWWUUWUUS01%uuU 

000-03:1. 0 :I.%I89%GGGGGGGGGGGGS<SOO%3333S0 11 67 49 57 7 7 0 0 0 0 0 0 0 0 0.021 
032-063 0%2222S00~ 
064-095 SSOO%UUUUUUUUUWUU 
096-127 SS05~WUUUWUUUUS01%uW 

000-031 0 1%I91%GGGGGGGGGGGGSOSOO%3333S0 9 67 4~ 57 7 7 0 0 0 1 0 0 0 0 0.022 
032-063 0%2222SOO%7 
064-095 SSOO~WUWUUUUWU 

096-127 SS05%UUUUUUWUUUUUSO:l.%UW 

000-031 0 2%I87%GGGGGGGGGGGGS<S<:I.%3333S< 13 53 47 57 6 6 0 0 0 0 0 0 0 0 0.022 
032-063 :I.%2222S00%7 
064-095 
096-:1.27 SS04%UUWUUUWWWSO:l.lruUU 

000-03:1. 0 :I.%I90%GGGGGGGGGGGGSOSOO%3333S0 10 53 47 57 6 6 0 0 0 0 0 0 0 0 0.023 
032-063 0%2222S00%7 
06'M>95 
096-:1.27 SS06%UUUUUUUUUUUWSO:l.~U 

000-03:1. 0 :I.%I90~GGGGGGGGGGGGS<S<l~333S0 10 53 47 57 6 6 0 0 0 1 0 0 0 0 0.024 
032-063 0%2222S00%7 
064-095 
096-:1.27 SS05%UUUUUUUUWWUSO:l.%UUU 

000-03:1. 0 :I.%I9:1.%GGGGGGGGGGGGS<SOO%3333S0 9 53 47 57 6 6 0 0 0 0 0 0 0 0 0.024 
032-063 0%2222S00%7 
064-095 
096-:1.27 SS04%UWWWUWUWSO:L%WU 

000-03:1. 0 2%I90%GGGGr~GGGGGGS<S<l%3333S0 10 53 47 57 6 6 0 0 0 0 ~ 0 0 0 0.025 
032-063 0%2222S00%7 
064-095 
096-:1.27 SS05%uWUWUU~WS01~U 

000-03:1. 0 :I.%I89%GGGGGGGGGGGGSOSOO%3333S0 11 53 47 57 6 6 0 0 0 0 0 0 0 0 0.026 

032-0630%2222SOO%7 
064-095 
096-:1.27 SS06%UUUWUUWUUIJJSO:l.%UW 

000-03:1. O:l.%I91~)Gr~r~GGGGGGGS<S<l%3333S0 9 53 47 57 6 6 0 0 0 0 0 0 0 0 0.026 
032-063 0%2222S00%7 
064-095 
096-:1.27 SS05%UUWUUUUUUUUUS01%UUU 

Figure 5-Monitor options 
Figure 6-Configuration 
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Figure-7-Program and memory statistics 

Figure 8-I/0 statistics 

The top section shows the status of all programs known 
to the batch system and to time-sharing. There are, for 
instance, eleven batch programs and four time-sharing 
users on the system. The second section shows the queue 
lengths of unprocessed demands made on each of the . 
major system components. In general, these queues 
have length zero where no part of the system is satu­
rated. The dispatcher queue length is of particular in-

. terest because its length is a measure of multiprogram­
ming interference. 

The third section of the display shows channel busy 
time by device type as well as memory and processor 
use. The percent of available disc and drum space cur­
rently in use is also shown. Finally there is a summary 
of core usage in this section. 

Figure 9-Accured statistics 

Figure lo-Time sharing statistics 

The fourth section of the display is a diagram of core 
utilization. On the left are shown memory address 
ranges while each symbol on the right stands for 
1024 words of core. The following meanings are as­
signed to the symbols: 

o 
I 
G 

s 
XX9~ 

U 
TS8~ 

VVV-V 
+ or * 
blank 

overhead percentage for the system 
idle percentage for the system 
occupied by the resident executive (a hard core 

monitor) 
user program slave service area 
percent of processor time used by that user in the 

sample interval 
user program 
time-sharing executive 
core available for time-sharing users 
core space in use by time-sharing user. 
available (unused) core 
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22--22 
33-33 

Figure 11-Time sharing eubsystem usage 

Figure 12-User status 

peripheral allocator program 
system output printer 

From this display we can see that only two blocks of 
core are unused within the batch world. In the time­
sharing system, only one user is in core~ Since the plus 
sign is at the high end of the time-sharing core, this user 
is an old interaction. The monitor program itself hap­
pens to be the second to last program (indicated by 
S < 1 % UUU) in the last line of the display . Note 
that since this program is small.and uses very little pro­
cessor time, it does not noticeably bias the measures it 
is taking. 

The fourth display (Figure 9) shows summaries of 
total processor utilization by some system functions and 

also the number of occurrences of certain system events. 
In this display the following program numbers are le­
lated to the following functions. 

Program 

2 
3 
4 
5 

63 

Function 

core allocation 
peripheral allocation 
system output disperser 
remote input collector 
time-sharing systems 
on-line input collector 

Whel). the accumulated processor time is less than one 
percent, the display shows zero. This explains why 
there is no time shown for program four while below, 
we can see three remote jobs have passed through the 
system. 

Figures 10·and 11 summarize various data from the 
time-sharing system. In GECOS III, the whole time­
sharing system is treated as a single batch job. The 
time-sharing executive makes its own internal sched­
uling decisions. The first display summarizes the data 
generated by the time-sha.ring executive. The time and 
space profiles of interaQtion will be of particul&.r interest 
to the system designer. The p.ext display (Figure 11) 
shows the usage of the various time-sharing subsystems. 
Notably absent here is FORTRAN which was not in the 
system when these photographs were made. It has since 
been added to the system. 

The last display is the one we most often use. It is 
illustrated in Figure 12. This display identifies all jobs 
and time-sharing users known to the system. It will be 
noted that there are seven batch useres including TSS, 
the time-sharing system, and 760 MN, the monitor. 
One has been in execution and is now swapped out of 
core. There are six time-sharing users. U nforlunately 
the display of time-sharing users in core does not exactly 
match the core swap. This is because the passive moni­
tor does not get all its data at the same time, so between 
the top display and the memory map below, there has 
been movement of users within the time-sharing system. 
The dots on the screen below time of day indicate the 
difference between batch and time-sharing users. The 
middle display shows channel, processor and memory 
use summaries. The bottom display is a memory map 
like Figure 7. 

By studying this system monitor, we are able to contin­
uously verify that the system is behaving properly. We 
have this display set up in the development manager's 
officewith a second screen in the computer room. When 
we observe anomalous behavior we are able to get a sys­
tem dump immediately so that we can trace the prob­
iem. We have found this monitor to be our most power-

. ful tool in tuning our system for maximum performance. 



914 Fall Joint Computer Conference, 1968 

Another monitor has been produced to find the degree of 
multiprogramming interference in I/O. This interference 
is the delay between'the time a particular I/O request is 
issued by a program until it actually gets started. This 
program analyzes all I/O demands in terms of the parti­
cular logical file, frequency of demand and amount of 
interference. This tool is helpful in deciding how best to 
assign particular files for best I/O overlap. 

CONCLUSION 

We have desClibed a large number of measurement 
techniques we have employed in developing our operat­
ing systems. The number and variety of means demon­
strates the lnany different problems faced by the system 

developer. If we have learned any single lesson from our 
efforts in this area, it is that continuous measurement of 
a system is an absolute necessity if the system is to be 
kept working at top efficiency. It is truly amazing how 
seemingly minor changes in a system can have profound 
effects on overall performance. 
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Thrashing: Its causes and prevention 

by PETER J. DENNING 

Princeton University* 
Princeton, New Jersey 

INTRODUCTION 

A particularly troublesome phenomenon, thrashing, 
may seriously interfere with the performance of paged 
memory systems, reducing computing giants (Multics, 
IBM System 360, and others not necessarily excepted) 
to computing dwarfs. The term thrashing denotes ex­
cessive overhead and severe performance degradation or 
collapse caused by too much paging. Thrashing in­
evitablyturns a shortage of memory space into a sur­
plus of processor time. 

Performance of paged memory systems has not al­
ways met expectations. Consequently there are some 
who would have us dispense entirely with paging,! be­
lieving that programs do not generally display behavior 
favorable to operation in paged memories. We shall 
show that troubles with paged memory systems arise 
not from any misconception about program behavior, 
but rather from a lack of understanding of a three-way 
relationship among program behavior, paging algo­
rithms, and the system hardware configuration (i.e., re­
lative processor and memory capacities). We shall show 
that the prime cause of paging's poor performance is not 
unfavorable program behavior, but rather the large 
time required to access a page stored in auxiliary 
memory, together with a sometimes stubbon determin­
ation on the part of system designers to simulate large 
virtual memories by paging small real memories. 

After defining the computer system which serves as 
our context, we shall review the working set model for 
program behavior, this model being a useful vehicle for 
understanding the causes of thrashing. Then we shall 
show that the large values of secondary memory access 
times make a program's steady state processing 
efficiency so sensitive to the paging requirements of 

*Department of Electrical Engineering. The work reported 
herein, completed while the author was at Project MAC, was 
supported in part by Project MAC, an M.LT. research program 
sponsored by the Advanced Research Projects Agency, Depart­
ment of Defense, under Office of Naval Research Contract No. 
Nonr-4102 (01). 
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other programs that the slightest attempt to overuse 
main memory can cause service efficiency to collapse. 
The solution is two-fold: first, to use a memory alloca­
tion strategy that insulates one program's memory­
space acquisitions from those of others; and second, to 
employ memory system organizations using a non-ro­
tating device (such as slow-speed 'bulk core storage) 
between the high-speed main memory and the slow­
speed rotating auxiliary memory. 

Preliminaries 

Figure 1 shows the basic two-level memory system in 
which we are interested. A set of identical processors 
has access to M pages of directly-addressable, multi­
programmed main memory; information not in main 
memory resides in auxiliary memory which has, for our 
purposes, infinite capacity. There is a time T, the 
traverse time, involved in moving a page between the 
levels of memory; T is measured from the moment a 
missing page is referenced until the moment the re­
quired page transfer is completed, and is therefore the 
expectation of a random variable composed of waits in 
queues, mechanical positioning delays, page transmis­
sion times, and so on. For simplicity, we assume T is 
the same irrespective of the direction a page is moved. 

Normally, the main memory is a core memory, 
though it could just as well be any other type of 
directly-addressable storage device. The auxiliary 
memory is usually a disk or drum but it could also be a 
combination of slow-speed core storage and disk or 
drum. 

We assume that information is moved into main 
memory only on demand (demand paging); that is, no 
attempt is made to move a page into main memory un­
til some program references it. Information is returned 
from main to auxiliary memory at ~he discretion of the 
paging algorithm. The information movement across the 
channel bridging the two levels of memory is called 
page traffic. 

A process is a sequence of references (either fetches or 
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identical 
processors 

Traverse Time T 

MAIN 

(M pages)? 

page 

AUXILIARY 
(I) capacity) 

traffic 

FIGURE I-Basic two-level memory system 

stores) to a set of information called a program. We as­
sume that each program has exactly one process as­
sociated with it. In this paper we are interested only in 
active processes. An active ,process may be in one of two 
states: the running state, in which it is executing on a 
processor; or the page wait state, in which it is temporar­
ily suspended awaiting the arrival of a page from 
auxiliary memory. We take the duration of the page 
wait state to be T, the traverse time. 

When talking about processes in execution, we need 
to distinguish between real time and virtual time. 
Virtual time is time seen by an active process, as if 
there were no page wait interruptions. By definition, a 
process generates one information reference per unit 
virtual time. Real time is a succession of virtual time. 
intervals (i.e, computing intervals) and page wait 
intervals. A virtual time unit (vtu) is the time between 
two successive information references in a process, and 
is usually the memory cycle time of the computer sys­
tem in which the process operates. 

In this paper we take 1 vtu = 1 microsecond, since 1 
microsecond is typical of core memory cycle times. The 
table below lists estimates of the traverse time T for 
typical devices, using the approximate relation 

T = Ta + T t 

where T a is the mechanical access time of the device and 
Tt is the transmission time for a page of 1000 words. 

Storage Tc (page = 
Device Ta 1000 words) T = Ta + T t 

thin film 0 102 vtu 102 vtu 
core 0 103 vtu 103 vtu 
bulk core 0 1()4 vtu 10' vtu 
high speed drum 10' vtu 103 vtu 10' vtu 
moving-arm disk 106 vtu 103 vtu 106 vtu 

The working set model for program behavior 

In order to understand the causes and cures for 

_~r~t ----i'~====~~~~~~~~I----i .. ~virtual 
time 

L pages referenced in this 
interval constitute Wet ,7) 

FIGURE 2-Definition of working set 

thrashing, it is necessary to understand some basic prop­
erties of program behavior. The working set model for 
program behavior, discussed 'in detail in reference2, is a 
useful way for understanding these properties, so we 
review it here. 

By a program we mean the set of pages to which a pro­
cess directs its references. A basic program property, 
that of locality, is the non-uniform scattering of a pro­
cess's reference across its program during any virtual 
time interval. That is, a process tends to favor some of 
its pages more than others. During disjoint virtual time 
intervals, the set of favored pages may be different. 
Locality has been observed to various degrees in exist­
ing programs,3,4 and it can be considerably enhanced 
if programmers design their algorithms to operate lo­
cally on information, one region at a time. 

The working set of information W (t,r) associated with 
a process at time t is the set of pages referenced by the 
process during the virtual time interval (i- r,t). The 
concept is illustrated in Figure 2. 

The working set size w(t,r) is the number of pages in 
W(t,r). Observe that w(t,r) ~ r, since no more that~,,: 
distinct pages can be referenced in an interval of length 
r; that w(t,O) = 0, since no references can occur in zero 
time; and that w(t,r) is a non-decreasing function of r, 
since more references can occur in longer intervals 
(t-r,t). 

The working set model owes its validity to locality. 
A working set measures the set of pages a process is 
favoring at time t; assuming that processes are not too 
fickle, that is, they do not abruptly change sets of 
favored pages, the working set W(t,r) constitutes a 
reliable estimate of a process's immediate memory need. 

Intuitively, a working set is the smallest set of pages 
that ought to reside in main memory so that a process 
can operate efficiently. Accordingly, r should be chosen 
as small as possible and yet allow W(t,r) to contain at 
least the favored pages. In principle, then, r may vary 
from program to program and from time to time. A 
working set memory alloc.ation policy is one that permits 
a process to be active if and only if there is enough un­
committed space in main memory to contain its work­
ingset. 



Define the random variable Xs to be the virtual time 
interval between successive references to the same page 
in a program comprising s pages; these interreference 
intervals Xs '''are useful for describing certain program 
properties. Let Fxs (u) = Pr[xs ::::; u1 denote its distribu­
tion function (measured over all programs of size s), and 
let Xs denote its mean. 

The relation between the size of a program and the 
lengths of the interreference intervals to its component 
pages may be described as follows. Let process 1 be 
associated with program PI (of sizes SI) and process 2 be 
associated with program P2 (of size S2), and let Pi be 
larger than P 2. Then process 1 has to scatte:r; its refer­
ences across a wider range of pages than process 2, and 
we expect the interreference intervals Xsl of process 1 to 
be no longer than the interreference intervals xS2 of pro­
cess 2. That is, Sl > S2 implies xS1 > xs2 • 

M emory management strategies 

It is important to understand how programs can in­
terfere with one another by competing for the same 
limited main memory resources, under a given paging 
policy. 

A good measure of performance for a paging policy is 
the missing-page probability, which is the probability 
that, when a process references its program, it directs 
its reference to a page not in main memory. The better 
the paging policy, the less often it removes a useful 
page, and the lower is the missing-page probability. We 
shall use this idea to examine three important paging 
policies (ordered here according to increasing cost of 
implementation) : 

1. First In, First Out (FIFO): whenever a fresh 
page of main memory is needed, the page least 
recently paged in is removed. 

2 Least Recently Used (LRU): whenever a fresh 
page of main memory is needed, the page unref­
erenced for the longest time is removed. 

3. Working Set (WS): whenever a fresh page of 
main memory is needed, choose for removal some 
page of a non-active process or some non-working­
set page of an active process. 

Two important properties set WS apart from the 
other algorithms. First is the explicit relation between 
memory management and process scheduling: a pro­
cess shall be active if and only if its working set is fully 
contained in main memory. The second is that WS is 
applied individually to each program in a multipro­
grammed memory, whereas the others are applied 
globally across the memory. We claim that applying a 
paging algorithm globally to a collection of programs 
may lead to undesirable interactions among them. 

How do programs interact with each other, if at all, 
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under each of these strategies? How may the memory 
demands of one program interfere with the memory al­
located to another? To answer this, we examine the 
missing-page probability for each strategy. 

In a multiprogrammed memory, we expect the miss­
ing-page probability for a given program to depend on 
its own size 8, on the number n of programs simul­
taneously resident in main memory, and on the main 
memory size M: 

(1) (missing-page probability) = men, s, M) 

Suppose there are n programs in main memory; in­
tuitively we expect that, if the totality of their working 
sets does not exceed the main memory size M, then no 
program loses its favored pages to the expansion of 
another (although it may lose its favored pages because 
of foolish decisions by the paging algorithm). That is, 
as long as 

n 

(2) L Wi(t, T,) ::::; M 
i=1 

there will be no significant interaction among programs 
and the missing-page probability is small. But when n 
exceeds some critical number no, the totality of working 
sets exceeds M, the expansion of one program displaces 
working set pages of another, and so the missing-page 
probability increases sharply with n. Thus, 

(3) m(n1, s, M) > m(n2' s, M) 

This is illustrated in Figure 3. 

If the paging algorithm operates in the range n > no, 
we will say it is saturated. 

N ow we want to show that the FIFO and LR U 
algorithms have the property that 

(4) men, S1, M) ~ men, S2, M) 

That is, a large program is at least as likely to lose pages 
than a small program, especially when the paging 
algorithm is saturated. 

To see that this is true under LRU, recall that if pro­
gram PI is larger than P 2, then the interreference inter­
vals satisfy Xl > X2: large programs tend to be the ones 
that reference the least recently used pages. To see that 
this is true under FIFO, 'note that a large program is 
likely to execute longer than a small program, and thus 
it is more likely to be still in execution when the 
FIFO algorithm gets around to removing its pages. The 
interaction among programs, expressed by Eq. 4, arises 
from the paging algorithm's being applied globally 
across a collection of programs. 
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m(n,s,M) 

----------------------

o '--======::::;:::=------. n 

FIGURE 3-Missing-page probability 

Finally, we note that under a WS algorithm, the 
missing-page probability is independent of nand M 
since eq. 2 is always satisfied. The missing-page prob­
ability depends only on the choice of r ; indeed, 

m,(r) = Pr[missing page is referenced] 
in size s program 

(5) = Pr[page referenced satisfies x, > r] 

m.(r) = 1 - FX8 (r) 

where FXB (u) = Pr[xs ~ u] has already been defined to 
be the interreference distribution. Therefore, the WS 
algorithm makes programs independent of each other. 
We shall show shortly that this can prevent thrashing. 

From now on, we write m instead of m(n,s,M). 

Steady state efficiency and thrashing 

Suppose that a certain process has executed for a 
virtual time interval of length V and that the rriissing­
page probability m is constant over this interval V. The 
expected number of page waits is then (Vm), each 
costing one traverse time T. We define the efficiency 
e(m) to be: 

(6) e(m) 

Then, 

(7) e(m) 

(elapsed virtual time) 

(elapsed virtual time) + 
(elapsed page wait time) 

v 1 

V+ VmT 1 + mT 

Clearly, e(m) measures the ability of an active process 
to use a processor. 

Figure 4 shows e(m) for five values ofT: 

e(m) 

--~--~----------------------t 

o 
o 

FIGURE 4-Efficiency 

T = 1,10,100,1000, 10000 vtu 

I 
I 
I 
I , 
I 
I 
I , 

where T = 10000 vtu may be regarded as being typical 
of the fastest existing rotating auxiliary storage devices. 

The slope of e(m) is 

(8) 
d -T 

e'(m) = dm e(m) = (1 + mT)2 

which means that, for small m and T> > 1, e(m) is ex­
tremely sensitive to a change in m. It is this extreme 
sensitivity of e(m) to m-fluctuations for large T that is 
responsible for thrashing. 

To show how the slightest attempt to overuse 
memory can wreck processing efficiency, we perform the 
following conceptual experiment. We imagine a set of 
(n + 1) identical programs, n of which are initially 
operating together, without sharing, in memory at the 
verge of saturation (that is, n = no in Figure 3); then we 
examine the effect of introducing the (n + l)-st pro­
gram. 

Let 1,2" ... , (n + 1) represent this set of (n + 1) 
identical programs, each of average size s. Initially, n of 
them fully occupy the memory, so that the main 
memory size is M = ns. Let mo denote the missing-page 
probability under these circumstances; since there is 
(on the average) sufficient space in main memory to con­
tain each program's working set, we may assume 
mo< < 1 and that e(mo) is reasonable (i.e., it is not 
true that e(mo) < < 1). Then, the expected number of 
busy processors (ignoring the cost of switching a pro­
cessor) is: 



(9) 
n 

p = L ei(mo) 
n 

i=1 

Now introduce the (n + 1)-st program. The missing­
page probability increases to (mo + il) and the ex­
pected number of busy processors becomes 

(10) 
n+l 

p' = L ei(mo + il) 
i=l 1 + (mo + il)T 

n+l 

Now if the pages of n programs fully occupy the 
memory and we squeeze another program of average 
size s into memory, the resulting increase in the missing­
page probability is 

(11) 
s 1 

il= 
(n + 1)8 n + 1 

since we assume that the paging algorithm obtains the 
additional 8 pages by displacing s pages uniformly from 
the (n + 1) identical programs now resident in main 
memory. The fractional number of busy processors 
after introduction of the (n + 1)-st program is 

(12) 
p' _ n + 1 1 + moT 
p n 1 + (mo + il) T 

We assume that the traverse time T is very large; 
that is, T (in vtu) > > n > > . We argue that 

1 
il=--»m 

n + 1 0 

To show this, we must show that neither il ~mo nor 
il < < mo is the case. First, il ~mo cannot be the case, 
for if it were, we would have (recalling T> >n> > 1): 

(13) 
1 

e(m) "-' e(il) = ---
o "-'. 1 + ilT 

1 

T 
1+ n +1 

which contradicts the original assumption that, when n 
programs initially occupied the memory, it is not true 
that e(mo) < < 1. Second, il< <mo cannot be the case; 
for if it were, then we would have (from Eqs. 7 and 13) 
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1 > > e(il) = e (_1_) > > e(mo) 
n+l 

once again contradicting the original assumption that, 
when n programs initially occupied the memory, it is 
not true that e(mo) < < 1. Thus, we conclude that 
il» mo. 

1 . . 
When T» n» 1 and il = n + 1» mo, It IS easy to 

show that 

(14) 
p' n + 1 
-; ~ -T- + (n + l)mo« 1 

The presence of one additional program has caused a 
complete collapse of service. 

The sharp difference between the two cases at first 
defies intuition, which might lead us to expect a gradual 
degradation of service as new programs are introduced 
into crowded main memory. The excessive value of the 
traverse time T is the root cause; indeed, the preceding 
analysis breaks down when it is not true T> >n. 

The recognition that large traverse times may inter­
fere with system performance is not new. Smith,S for 
example, warns of this behavior. 

Relations among processor, memory, traverse time 

We said earlier that a shortage of memory space leads 
to a surplus of processor time. In order to verify this 
statement, we shall answer the question: "Given p, 
what is the smallest amount of main memory needed to 
contain enough programs to busy an average of p pro­
cessors?" We define Q(p) to be this quantity of memory, 
and then show that p may be increased if and only if 
Q(p) is increased, all other things being equal. 

Suppose there are n identical programs in main 
memory, each of average size s and efficiency 
ei(mi) = e(m). The expected number of busy pro­
cessors is to be 

(I5) 

'so that 

(16) 

n 

p = L elm,) = n e(m) 
i=-l 

p 
n = - = p(1 + mT) 

e(m) 

Then the expected memory requirement is 

(17) Q(p) = ns = ps(l+mT) 

This relationship between memory requirement and 
traverse time is important. If for some reason the pag-
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Q(p) 0(1) 

+-------------------------~~T 

FIGURE 5-Relation between memory size and traverse time 

ing algorithm does not make m sufficiently small, 
then mT > > 1 because T> > 1. In this case we have 
Q(p) ~ psmT, almost directly proportional to the traverse 

. time T (see Figure 5). 
Reducing T by a factor of 10 could reduce the 

memory requirement by as much as 10, the number of 
busy processors being held constant. Or, reducing T by 
a factor of 10 could increase by 10 the number of busy 
processors, the amount of memory being held constant. 

This is the case. Fikes et al.6 report that, on the 
IBM 360/67 computer at Carnegie-Mellon University, 
they were able to obtain traverse times in the order 
of 1 millisecond by using bulk core storage, as compared 
to 10 milliseconds using drum storage. Indeed, the 
throughput of their system was increased by a factor 
of approximately 10. 

In other words, it is possible to get the same amount 
of work done with much less memory if we can employ 
auxiliary storage devices with much less traverse time. 

Figure 6, showing Q(p)/ps sketched for p = 1 
and T = 1, 10, 100, 1000, 10000 vtu, further dramatizes 
the dependence of memory requirement on the traverse 
time. Again, when m is small and T is large, small m­
fluca tuations (as might result under saturated FIFO or 
LRU paging policies) can produce wild fluctuations in 
Q(p). 

Normally we would choose p so that Q(p) represents 
some fractionf of the available memory M: 

(18) (Q)p = fM O<f~l 

so that (l-f)M pages of memo~ are held in reserve to 

--5-

10000 T =\OOO~O __ 

1000 \OOO~_--

100 

10 \0 

+---------------------------~H_m o 

FIGURE 6-Single-processor memory requirment 

allow for unanticipated working set expansions (it 
should be evident from the preceding discussion and 
fromEq.4that, if Q(p) = M, an unanticipated working 
set expansion can trigger thrashing). Eq. 18 represents a 
condition of static balance arp.ong the paging algorithm, 
the processor memory configuration, and the traverse 
time. 

Eq. 16 and 17 show that the amount of memory 
Q(p) = fM can increase (or decrease) if and only if p in­
creases (or decreases), providing mT is constant. Thus, 
if p' <p processors are available, then Q(p') <Q(p) = fM 
and fM-Q(p') memory pages stand idle (that is, they 
are in the working set of no active process). Similarly, if 
only .1' M <fM memory pages are available, then for 
some p' <p, Q(p') = f'M, and (p-p') processors stand 
idle. A shortage in one resource type inevitably results in 
a surplus of another. 

If must be emphasized that these arguments, being 
average-value arguments, are only an approximation 
to the actual behavior" They nevertheless reveal certain 
important properties of system behavior. 

The cures for thrashing 

It shoUld be clear that thrashing is caused by the ex­
treme sensitivity of the efficiency e(m) to fluctuations 
in the missing-page probability m; this sensitivity is 
directly traceable to the large value of the traverse 
time T. When the paging algorithm operates at or near 
saturation, the memory holdings of one program may 
interfere with those of others: hence paging strategies 
must be employed which make m small and indepen-



den~ of other programs. The static balance relation 
Q(p) = fM shows further that: 

1. A shortage in memory resource, brought about the 
onset of thrasing or by the lack of equipment, re­
sults in idle processors . 

. 2. A shortage in processor resources, brought about 
by excessive processor switchingorby lack of equip­
ment, results in wasted memory. 

To prevent thrashing, we must do one or both of the 
following: first, we must prevent the missing-page prob­
ability m from fluctuating; and second, we must reduce 
the traverse time T. 

In order to prevent m from flUctuating, we must be 
sure that the number n of programs residing in main 
memory satisfies n~no (FigUre 2); this is equivalent to 
the condition that 

11,0 

(19) ,.I' (1)i(t, T i) ~ M 
i· 1 

where Wi(t, T i) is the working set size of program i. In 
other words, there must be space in memory for every 
active process's working set. This strongly suggests that 
a working set strategy be used. In order to maximize no, 
we want to choose T as small as possible and yet be sure 
that W (t, T) contains a process's favored pages. If each 
programmer designs his algorithms to operate locally on 
data, each program's'set of favored pages can be made 
surprisingly small; this in turn makes no larger. Such 
programmers will be rewarded for their extra care, be­
cause they not only attain better operating efficiency, 
but they also pay less for main store usage. 

On the other hand, under paging algorithms (such as 
FIFO or LRU) which are applied globally across a 
multiprogrammed memory, it is very difficult to ascer­
tain no, and therefore difficult to control m-fluctuations. 

The problem of reducing the traverse time T is more 
difficult. Recall that T is the expectation of a random 
variable composed of queue waits, mechanical position­
ing times, and page transmission times. Using optimum 
scheduling techniques7 on disk and drum, together 
with parallel data channels, we can effectively remove 
the queue wait component from T; accordingly, T can 
be made comparable to a disk arm seek time or to half 
a drum revolution time. To reduce T further would re­
quire reduction of the rotation time of the device (for 
example, a 40,000 rpm drum). 

A mu<:;h more promising solution is to dispense al­
together with a rotating device as the second level of 
memory. A three-level memory system (Figure 7) 
would be a solution, where between the main level 
(level 0) and the drum or disk (IeveI2) we'introduce a 
bulk core storage. The discussion following Eq. 17 sug-
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MAIN AUXILIARY 
FIGURE 7-Three-Ievel memory system 

gests that it is possible, in today's systems, to reduce the 
traverse time T by a factor of 10 or more. There are two 
important reasons for this. First, since there is no 
mechanical access time between levels 0 and 1, the 
traverse time depends almost wholly on page trans­
mission time; it is therefore economical to use small 
page sizes. Second, some bulk core storage devices are , 
directly addressable,~ so that it is possible to execute 
directly from them without first moving information 
into level O. 

As a final note, the discussion surrounding Figures 4 
and 5 suggests that speed ratios in the order of 1 :100 
between adjacent levels would lead to much less sen­
sitivity to traverse thnes, and permit tighter control 
over thrashing. For example: 

Level Type of Memory Device Access Time 

0 thin film 100 ns. 
1 slow-speed core 10#,s. 
2 very high-speed drum 1 IDS. 

CONCLUSIONS 

The performance degradation or collapse brought about 
by excessive paging in computer systems, known 'as 
thrashing, can be traced to the very large speed dif­
ference between main and auxiliary storage. The large 
traverse time between these two levels of memory 
makes efficiency very sensitive to changes in the 
missing-page probability. Certain paging algorithms 
permit this probability to fluctuate in accordance with 
the total demand for memory, making it easy for at- . 
tempted overuse of memory to trigger a collapse of 
servIce. 

The notion of locality and, based on it, the working 
set model, can lead to a better understanding of the 
problem, and thence to solutions. If memory allocation 
strategies guarantee that the working set of every ac­
tive process is present in main memory, it is possible to 
make programs independent one another in the sense 
that the demands of one program do not affect the 
memory acquisitions of another. Then the missing-page 
probability depends only on the choice of the working 
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set parameter T and not on the vagaries of the paging 
algorithm or the memory holdings of other programs. 

Other paging policies, such as FIFO or LRU, lead to 
unwanted interactions in the case of saturation: large 
programs tend to get less space than they require, and 
the space acquired by one program depends on its 
"aggressiveness" compared to that of the other pro­
grams with which it shares the memory. Algorithms 
such as these, which are applied globally to a collection 
of programs, cannot lead to the strict control of memory 
usage possible under a working-set algorithm, and 
they therefore display great susceptibility to thrashing. 

The large value of traverse time can be reduced by 
using optimum scheduling techniques for rotating 
storage devices and by employing parallel data chan­
nels, but the rotation time implies a physical lower 
bound on the traverse time. A promising solution, de­
serving serious investigation, is to use a slow-speed core 
memory between the rotating device and the main 
store, in order to achieve better matching of the speeds 
of adj acent memory levels. 

We cannot overemphasize, however, the importance 
of a sufficient supply of main memory, enough to con­
tain the desired number of working sets. Paging is no 

substitute for real memory. Without sufficient main 
memory, even the best-designed systems can be dragged 
by thrashing into dawdling languor. 
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