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variation between tasks starts will be presented in Section 3.3.5.) The dispatcher takes a full R4

frame or longer to execute in one-half of the time, clearly an implementation problem.

Demonstrating any possible affects of system workload, and to show the frame start

interrupt oceurs at its set time, the experiment was repeated under the following conditions.

1. Decrease the work load to just the single application task being executed. The
results show the same pattern and spread as the other tests.

2. Extend the frame size from 40 milliseconds to 250 milliseconds. This allowed all

tasks to complete in a single R4 frame without slippage. Again the dispatcher
behaved in the similarly. It was also noted that the frame starts occurred at 250

msec. with no variationl® (i.e. the interrupt mechanism works correctly).

3.3.2 IPC Kick’® Times

Timer Interrupt \

First Triad R4 Dispatcher Ra1Task L,
\ \Meuured Time
C Kick Time
Second Triad Dispatcher R4-2 Task T -
\R \Measured Time
C Kick Time
Third Triad Dispatcher R4-3 Task .,
Time o

Figure 3-8: IPC 'Kicks’ Timing Diagram.
One function of the R4 dispatcher is to 'Kick’, through an IPC (Inter-Process
Communication) interrupt, the start of the R4 frame in another triad. A timing diagram of this
process is given in Figure 3-8. Again the workload generator does not allow the measurements of

the time from the 'Kick’ to the start of the application task; but the timing and behavior can be

15'I'here was variation between frame starts at the 40 millisecond size. This variation is caused by
frame slippage; the frame is extended 10 milliseconds past the last R4 task completion time. If the

dispatcher takes 45 milliseconds the next frame cannot be started at the 40 millisecond mark.
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approximated by measuring the difference between the starts of the application tasks. The
desired time to measure would be from the IPC kick of the first triad to the time when the R4
dispatcher begins execution, or from the frame start interrupt to the time when the second and
third triad start their R4 dispatcher. An approximation to this behavior is the time between

starts of the application task on different triads, labeled as "Measured Time" in the Figure 3-8

Histograms for the IPC 'Kicks’ are given in Figure 3-9 with two triads executing, the times
are grouped around 1.3, 2.5 and 27 milliseconds. With three triads executing the first to second
triad "kick" is centered at 4.0 milliseconds with no outlayers beyond 5 milliseconds. However in
the second to third triad "kick" there was a large group, about 10% at 24.5 milliseconds. This
behavior is undesirable in real time systems. The long 'Kick’ times allow the possibility of one
triad running its first task, finishing, and then running a second task while the second triad is
still idle. This behavior was mentioned in [Clune 84] and its cause should be investigated. Upon
inspection of the dispatcher code, a few possibilities for this unwanted behavior arise. These
. possibilities include: a problem with the IPC 'Kick’ mechanism, the possiblily of the dispatcher
’hanging’ because of a lock or failed bus access, or an extended execution time during a system
reconfiguration. Note that the outlayers involve between 10 and 18 percent of the data or about

once per major frame.

3.3.3 Intra-Task Group Switching

At the end of the application task, control is passed back to the dispatcher. The dispatcher
activates the next task in the queue {same rate group) or if all tasks have been dispatched, the
dispatcher returns control to the previously interrupted or pending task (R3 or R1 dispatcher or
application tasks). This experiment measures the intra-task group switching times including R4

to R4, R3 to R3 and R1 to R1 shown in Figure 2-4.

This experiment was run using the synthetic workload as a tool, and the measurements were

taken for one, two, and three triads for all rate groups. The data is summarized in Figure 3-10.

As seen from the data the behavior is regular, with skewing as the number of executing
triads increase. This skewing is probably caused by bus access contention, measured in Section
3.2. The large spread of the data in the R1 task switching could be explained by the difference
in the experimental acquisition of the data. To measure the switching times, the tasks were

ordered by controlling the task lengths. To have one triad execute two tasks from the same rate
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Figure 3-10: Intra-Task Group Switching Times in Milliseconds.

group require the other triad(s) executing another task (usually an R4 task since the R4 frame
can be extended by lengthing an R4 task). This method works well for controlling R4 and R3
task orders, but the R1 tasks were interrupted by the start of the next R4 frame. Hence the R4
and R3 switching times were measured under easily repeatable conditions while R1 switching
times the conditions were repeatable though to a lesser extent.!® In general the intratask group
switching times are predictable within a certain range. The time for task switching is large in
comparison with the desired frame size (40 milliseconds). If a triad needed to execute three R4

tasks in a 40 millisecond frame, 8 milliseconds or 20% would be spent switching between the

tasks. This will be surnmarized in Section 4.

16111 the R3 and R1 dispatcher there are about 20 bus transactions. Each transaction takes about .2
milliseconds. A delay caused by contention may cause the bus transaction to take two or more times the
uncontented time.
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3.3.4 Inter-Task Group Switching

As previously discussed, when the dispatcher finds all the tasks in its rate group completed
or dispatched, it executes a 'resume’ to restart the previously interrupted or pending task. Three

cases of this process were studied, see Figure 2-4

1. Time and behavior of an R4 task finish time to the start of the R3 task in the same
triad. (R4 to R3.)

2. Time and behavior of an R4 task finish time to the start of the R3 task in the R4
responsible triad.!” (R4 to R3)

3. Time and behavior of the R3 task finish time to the start of the R1 task in the same
triad. (R3 to R1.)

The behavior of these three processes are summarized in Figure 3-11. As is shown in the
figure the behavior of these interactions is predictable and well behaved. The variation in the
data is probably the result of bus contention and queue semaphores or the dispatcher executing
different sections of code or both. The large spread in the R3 to R1 switching is caused by the
same factors as for the spread in the intratask group switching. (See Section 3.3.3.) In summary,
the intertask group switching times are predictable over a range of 4.5 to 10.5 milliseconds. The
execution times of the dispatcher for the intertask group switching are large for the desired
frame iteration rate. The R4 frame is 40 milliseconds with task switching taking 7 milliseconds,

a significant percent of the useable time.

3.3.5 Frame Size and Frame Slippage

The last dispatcher experiment involves the actual task iteration rates for the two highest
task rate groups, R4 and R3. This experiment measured the difference between consecutive
starts of the first task in the rate groups. The results yield the nominal frame size and variation

of the frame sizes. The data for these experiments is presented in Figures 3-12 and 3-13.

Figure 3-12 shows the spread of data for the R4 frame size. The frame sizes show a similar
grouping for the one and two triad case, and for the three triad case a similar grouping but at
different locations. The pattern of the execution times for the R4 frame is 36, 42, 114, 92, ...
millisecond for one and two triads and 40, 65, 105, 40, ... milliseconds for three triads. The first

number is the start of the major frame. The R4 pattern determines the pattern for the R3

17An R4 responsible triad is the last triad to complete its R4 task. This triad is responsible for the
start of the next R4 frame by arming its timer interrupt.
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Figure 3-11: Inter-Task Group Switching Times in Milliseconds.

frame. R3 frames are started every second R4 frame, hence the sum of two consecutive R4 frame
sizes determine the size of the R3 frame. For the one and two triad case the R4 frame size
pattern is 36, 42, 114, 92, ... The first two frame sizes determine the R3 frame size about 78
milliseconds and the second pair determine the next R3 frame size about 205 milliseconds.
Similarly for the three triad case the R4 pattern is 40, 65, 105, 40, ... Thus the R3 pattern would
be 105, 145,... This pattern differs from the observed pattern, a constant 125 milliseconds, but
The long
The

dispatcher will not schedule the start of the next R4 frame until the present R4 frame is

the difference could be explained by additional overheads occurring in dispatcher.

frames are in correlation with the long dispatcher times (Section 3.3.1, and Figure 3-7).

complete and ten milliseconds is allowed for lower rate group tasks. The two triad case in
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Figures 3-7 and 3-12 represent this behavior best:!® as shown in Figure 3-7 about one-quarter of
the execution times lie near 40 milliseconds, and another quarter around 65 milliseconds.
Similarly the R4 frame sizes are grouped at 90 and 115 milliseconds or 50 milliseconds greater
than the corresponding dispatcher times. From the frame size measurements, the dispatcher
time and kick time behavior one can see a problem with the FTMP scheduler meeting its real

time constraints.

3.3.8 Dispatcher-Scheduler Software Overhead Summary

This section summarizes the Dispatcher-Scheduler software overhead. Table 3-2 gives a
summary of the dispatcher times. The first entry in each block is the average execution time, in
milliseconds, followed by the standard deviation of the data. The second entry is the range of

the data also in milliseconds, and the third entry is the data sample size.

As seen in the table, the dispatcher software overhead is predictable within a range of about

6 millisecond with a two exceptions. The two exceptions are:
e Frame start interrupt to the application task start, and

o IPC kicks to start other triads working on R4 tasks.

These two problems and the overall problem of long execution times of the dispatcher cause the
scheduling problem of late frame starts discussed in Section 3.3.5. An evaluation of possible
improvements to the dispatcher will be made in Section 4 specificly dealing with decreased
execution times of the system bus primitives, and their possible effect on the dispatcher. The

dispatcher should be further characterized.

3.4 Software Overhead for Fault Detection and Isolation

The final experiment presented in this report measures the software overhead for fault
detection and isolation. The FTMP software tasks for these include READALL. READALL
incrementally reads system memory to assure all copies of the data in the memory elements is
the same. The second task is the System Configuration Controller, SCC described in Section
2.2.3. These tasks are specifically dedicated to fault detection and isolation, but they do not

include all the software overhead for fault tolerance. Some fault detection commands are done

18The exact correlation between the data is not because of different experimental setup, the dispatcher
behavior, and the distribution of tasks between triads,
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Dispatcher Number of Triad(s) Running
Goal 1 2 3
Frame Interupt to | 40.3 + 25.62 | 33.7 = 20.8 334+ 211
Task Start 13.75 - 68.5 13.0 - 67.75 13.5 - 67.0
(6400) (6400) (6400)
IPC Kick’ Time 6.79 £ 9.70 2.80 & 0.49
. - 1.25 - 27.25 1.25 - 4.25
Triad 1 to 2 (3569) (1788)
IPC Kick’ Time 5.10 + 7.55
_ ; . 1.25 - 25.0
Triad 2t0 3 (2366)
IPC Kick’ Time 7.83 £ 7.45
. - - 3.75 - 27.75
Triad 1 to 3 (2447)
Intra-Task Group 3.10 £ 0.12 3.34 £+ 0.38 3.68 &+ 0.43
. . 3.0 -3.25 3.0-45 30-55
Switching R4 (1305) (3573) (1211)
Intra-Task Group 2.88 + 0.12 2.890 + 0.13 3.20 £ .57
. . 2.75 - 3.0 2.75 - 3.25 2.75 - 4.25
Switching R3 (356) (1493) (1592)
Intra-Task Group 3.13 +£ .77 4.26 + 1.67 3.74 £ 1.26
R . 2.5 - 4.5 2.5 - 8.25 2.5 -6.0
Switching R1 (106) (120) (86)
Inter-Task Group 5.65 £ 0.32 5.93 + 0.47 5.69 + 0.45
Switching R4 - R3 5.5 -7.25 5.0 -7.5 5.5-+7.5
{R4-responsible} (580) {1250) {296)
Inter-Task Group 5.78 £ (.89 5.28 + 0.64
Switching R4 - R3 - 5.0~725 50-7.0
{non-responsible) (1467) {593)
Inter-Task Group 5.59 £ 1.18 6.54 + 1.13 6.81 + 1.24
. . 475 -85 5.0 - 10.5 4.75 - 9.5
Switching R3 - R1 (145) (186) (98)

Table 3-2:

Dispatcher Software Overhead Summary.
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in the R4 dispatcher, these include, reading of the error latches into system memory, and the

reconfiguration and retire commands.

account.

This experiment will not take these overhead into

The experiment was run using the synthetic workload. The workload allows the starting

and ending times of these tasks to be measured, hence determining the execution time. A

problem occurs in the measurement of the genuine task time due to interruption of the tasks for

higher rate group tasks. By extending the basic R4 frame size [rom 40 to 250 milliseconds, all

tasks including SCC and READALL could finish without interruption.

experiment are presented in Table 3-3.

The results for this
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FTMP Fault Tolerant Software Overhead
{All times in milliseconds)

Task Execution Time Range
SCC 43.4 = 23.3 3.5 = 153.
READALL 3.1+ 0.9 1.25 - 6.25

Table 3-3: Software Overhead for Fault Tolerance.

The variation in the READALL times are due to bus contention and different sections of
code being executed. Whereas the SCC times show the spread of data as SCC executes different
states. These states include fault isolation, shadow swapping, transient fault handling routines
and self tests. These software overheads are small in comparison to the real time scheduling

overheads for FTMP. Further comparisons will be presented in Section 4.
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4. Performance Estimates

This section estimates the useable throughput of the FTMP system from the dispatcher-
scheduler and fault tolerant overheads measured in the previous sections. Table 4-1 gives a break

down of the available throughput and overheads observed. In Table 4-1 a major frame is defined

as eight R4 frames or one R1 frame.

FIMP Performance Estimates
{Times are millisecond per major frame)
As Designed As Running As Corrected
FTMP Time Percent of Time Percent of Time Percent of
Overhead (msee.) | Total Time || (msec.) | Total Time {msec.) | Total Time
Useable Throughput
Three Triads. $60. 100. 1983 100 960. 100
R4 Dispatcher Time. 384.0 40.0 801.6 40.4 272.6 28.4
8 per Frame Triad.
Task Switching Times
3-R4, 3-R3 and 6-R1 222.9 23.2 222.9 11.2 222.9 23.2
Tasks are Assumed.
8 R4 responsible, (45.5) (4.7) (45.5) (2.3) (45.5) (4.7)
18 Non responsible. (84.5) (8.8) (84.5) (4.3) (84.5) (8.8)
12 R3 to R1. (81.7) (8.5) (81.7) (4.1) (81.7) (8.5)
3R1toR1. {(11.2) (1.2) (11.2) {0.6) (11.2) (1.2)
Fault Tolerant Software
SCC time. 43.3 46.5 4.8 46.5 2.3 46.5 4.8
READALL time. 3.2
Total Useable Time 306.6 31.9 912.0 45.9 418.0 43.5
| per Major Frame
Table 4-1: Performance Estimates for FTMP. .

In Table 4-1 the second and third columns give the performance estimates assuming a 40
millisecond R4 frame (320 millisecond major frame with three triads executing), and the software
overhead times measured in this report. The R4 dispatcher execution time used was 16
milliseconds; the upper limit of acceptable times presented in Figure 3-7. This shows 63% of the
available throughput is spent in the dispatcher. Of interest is the software overhead of the fault
tolerance tasks, 4.8%. This is a small software price for fault tolerance. {(Of course the large cost
for the fault tolerance lies in the hardware.) The fourth and fifth columns, of the table use the
actual frame sizes as measured, instead of the 40 millisecond R4 frame size assumption and the

true dispatcher times measured in this report. The overhead percents are lowered but the frames
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are extended, showing the present behavior of the system, although the behavior is incorrect for

a real time system.

The FTMP Executive Summary, [Draper 82, noted the large bottleneck caused by the long
bus access times (Section 3.2). The authors state that one third of the R4 dispatcher time is
spent doing bus service routines and by microcoding some of the I/O functions the bus service
times could be lower to one-eighth of their current times. Using this estimate, one third of the
dispatcher time reduced 88%%, will show the R4 dispatcher time lowered to 71% of its current
value.l9 The sixth and seventh column of Table 4-1 present these results. The performance
increase gained by microcoding some 1/O functions was applied only to the R4 dispatcher, if this

increase was applied to all functions, a larger performance increase could be expected.

1933% of the dispatcher is reduced 88% for a 29% reduction.
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5. Future Work

Although much work has been accomplished in refining the experimental methodology, by
applying it to FTMP, the methodology still needs to be further verified by additional
experiments on FTMP and by application to other systems, such as the Software Implemented
Fault Tolerant (SIFT) computer. SIFT [Wensley 78] was designed with similar design
specifications as FTMP and by applying the methodology to SIFT the robustness of the

methodology will be shown as well as a comparison the two systems.

In particular the following items are some areas in which further characterization of FTMP
may be needed.

® Further characterization of the dispatcher to determine the time consuming sections
and, if possible, correct this undesirable behavior. This may be done by
characterizing some of the executive primitives the dispatcher uses.

® Determine the overhead required for system reconfiguration. How much overhead is
required for the dynamic redundancy of FTMP ?

¢ Characterize the throughput vs. workload and task distribution. Will the system still
meet its deadlines under this increased load ?

e Further characterize the software overhead for both the faulty and fault free
situations. This includes the times to isolate faults, and reconfiguration overhead.

¢ Validate the system configuration controller. Does the controller handle faults
correctly? A log of failed units should be kept to determine faults within the units or
controller problems.

e Explore the fault coverage in the self test routines. How many faults can the self test
routines locate in the bus guardian unit, and system buses ?

e Explore the behavior of multiple faults. [Draper 83b] showed the fault tolerant
capabilities of the system by injecting pin level faults. How will the system behave if
two faults occur close together?

These experiments move the validation and performance measurements into the application level

of the performance evaluation matrix, along with exploring faulty behavior of the system.
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6. Conclusions

This report outlined a validation methodology for ultrareliable multiprocessors and applied
the methodology to one system, FTMP. The methodology entails a building block approach,
starting with simple baseline experiments and building to more complex experiments. Previous
work has been done to measure the baseline performance, as well as characterization of most
hardware primitives [Clune 84, Feather 85). This report presents a continuation of the baseline
experiments, and presents experiments at the executive, operating systems level. In particular

this report presented:

e High level language instruction execution times. The execution times measured were
consistent and predictable.

e System memory read and writes times and the variance of the times caused by bus
contention. The memory read/write times were a linear function of block size
(400 Kbytes/sec.) with an overhead of approximately 150useconds. Bus contention
showed a slight increase in average overhead.

o Dispatcher execution times and overhead. The dispatcher consumed approximately
60% of the system throughput in addition to failing to meet its real time constraints.

e Fault tolerant software overhead. Showed the software overhead involved in the
fault tolerant tasks consumed 5% of system throughput.

® Performance estimates of the system. Showed the available processor time and the
distribution of the time between the dispatcher, fault tolerant tasks, and application
tasks.

From these experiments and their results the following points can be inferred about the FTMP

system.

o In the present implementation of FTMP there is a large overhead consumed by the
real time dispatcher. About one-third of the dispatcher overhead is caused by the
large overhead involved in the system bus access which is an implementation problem
and not dependent upon the fault tolerant design of FTMP.

¢ A relatively small software overhead is involved with the system configuration
controller, fault detection and isolation, thus showing the advantage of hardware
voting over software voting to obtain system fault tolerance.

The goal of the validation methodology is to thoroughly test and characterize the
performance and behavior of an ultra-reliable computer system. The validation methodology
presented in Section 2.1.1 and applied throughout this report proved effective in the following

areas.
e The methodology uncovered both system implementation dependencies with the
instruction executions times and behavioral oddities in the dispatcher-scheduler.

* The methodology showed system validation can occur without using life testing
approaches.
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e By applying a building block approach in a systematic manner the FTMP system was
broken down into manageable levels of experimentation thus concealing system
complexity from the experimenter.

e Finally most of the experiments were run at the system level, demonstrating system
validation can be independent of the implementation (LSI or VLSL.)

The enumerated items demonstrate the feasibility of the validation methodology by addressing
the problems encountered with the validation of ultrareliable systems. Tests upon other systems
such as SIFT will demonstrate the robustness of the methodology as well as provide comparisons

of the two systems.
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I. Instruction Execution Times

This appendix contains the tabulate result of the execution times of all the instructions

measured. The predicted execution times are from [CAPS Instruction Set 79).

Instruction Execution Times Summary, 16 Bit Integer Operators
(AN ki i 1Cro- i i al)
HLL Description Execution time Instruction | Predicted Precent
Instruction per one loop Time Time Difference

B=1 Integer assign 4 bits 20.2 + .30 4.0 + .22 2.7 48.1
B =17 Integer assign 8 bits 22.2 £ .31 6.0 + .22 3.6 66.7
B = 257 Integer assign 16 bits 22.7 + .30 6.5 + .22 4.1 58.5
J=1 Integer assign 22.4 + .30 6.2 + .22 4.1 51.2

extended reference
D=B8B Integer variable assign 23.2 + .29 55+ .21 4.1 34.1
B=1] Variable assign 30.2 + .31 12.5 & .22 5.4 131.

extended reference
D=-B Integer negate 30.7 £ .31 7.0+ .22 6.3 11.1
D=B+C Integer addition 33.7 &£ .30 10.0 £ .22 7.7 30.0
D=B*C Integer multiply 46.4 + .29 20.2 + .21 12.8 57.8
D=B/C Integer division 37.9 £ .30 21.7 + 22 13.1 65.6
D=NB Bit wise negate 29.7 £ .31 6.0+ 22 5.3 13.2
D=B.A.C Bit wise and 31.2 + .30 15.0 £ .22 7.8 92.3
D=B.V.C Bit wise or 32.7 £ .31 15.0 = .22 7.8 92.3
D=B X.C Bit wise exclusive or 31.2 + .30 15.0 + .22 7.8 92.3
D=B.RS.C Right shift {1 bit} 33.7 £ .29 16.0 + .21 - -
D=B.RS.C Right shift (2 bits) 32.4 + .30 16.2 + .22 - -
A3 = BEQL C | Integer compare == 39.4 £ .30 23.2 + .22 14.2 63.3
A3 = BNEQ C | Integer compare != 38.7 £ .30 21.0 + .22 11.9 76.4
A3 =BLESC Integer compare < 37.4 + 30 21.2 + .22 12.1 75.2
A3 = B GEQ C | Integer compare >= 41.2 + .30 23.5 & .22 14.4 63.2

Table I-1:

Instruction Executions Time: Integer
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Instruction Execution Times Summary 16 bit Fixed Point Operators

All times in micro-seconds, Range is 95% Confidence Interval)
HLL Description Execution time Instruction | Predicted Precent
Instruction per one loop Time Time Difference
B=1.1 Real assign 24.4 + .29 6.7 £ .21 4.1 63.4
B=C Real variable assign 23.3 + .29 55 % .21 4.1 34.1
A=-B Real negate 322+ .31 8.5 £ .22 6.3 34.9
A=B+C Real addition 33.7+ .29 10.0 £ .21 7.7 30.0
D=B*C Real multiply 38.2 £ .30 20.5 + .22 12.6 62.7
A=B / C Real division 42.2 + .29 24.5 % .21 13.3 84.2
A3 = BEQL C | Real compare == 40.9 + .29 23.2 + .21 14.2 63.3
A3 =B NEQ C | Real compare != 38.7 = .30 21.0 £ .22 11.9 76.4
A3 =BLESC Real compare < 38.9 £ .30 21.2 + .22 12.1 75.2
A3 =B GEQ C | Real compare >= 41.2 &+ .29 23.5 + .21 14.4 63.2
Table I-2: Instruction Executions Time: Real
Instruction Execution Times Summary Long, 32 bit Integers
(All WﬁQfMW“
HLL Description Execution time Instruction | Predicted Precent
Instruction per one loop Time Time Difference
B=1 Long assign 29.7 + .28 12.0 = .21 5.7 110.5
B =17 Long assign (8 bits) 31.9 + .29 14.2 = .21 6.6 115.2
B = 257 Long assign (16 bits) 32.4 + .30 14.7 £ .21 7.1 107.0
B = 65537 Long assign (4 bits) 29.7 £ .30 12.0 = .22 5.7 110.5
J=1 Extended variable 30.4 & .30 12.7 £ .22 7.1 78.9
reference assign
B=C Long variable assign 32.2 £ .29 14.5 £ .21 7.8 85.9
B=1J Extended variable 33.2 + .30 17.0 = .22 9.3 82.8
reference
A=-B Long negate 42.2 + .30 18.5 + .22 15.3 20.9
A=B+C Long addition 48.7 + .30 32.5 + 22 17.9 81.5
D=B*C Long multiply 64.9 £ .29 48.7 £ .22 31.7 53.6
A=B/C Long division 87.4 £ .31 71.2 £ .22 45.4 56.8
A3 =BEQL C | Long compare == 56.4 £ .29 38.7 £ .21 17.8 117 .4
A3 =BNEQ C | Long compare != 54.2 £ .30 36.5 £ .22 15.5 135.5
A3 =BLESC Long compare < 54,2 & .28 36.5 £ .21 15.7 132.5
A3 =BGEQC | Long compare >= 56.4 + .30 38.7 + .22 18.0 115.0

Table I-3:

Instruction Executions Time: Long Integers
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Instruction Execution Times Summary Boclean Operators
(Al times in micro-seconds, Range is 95% Confidence Interval)
HLL Description Execution time Instruction | Predicted Precent
Instruction per one loop Time Time Difference
A = TRUE Boolean assign 21.7 + .31 4.0 +£ .22 2.7 48.1
A=B Boolean variable assign 23.2 + .26 5.5 + .20 4.1 34.1
A =NOTB Boolean negate 34.6 + .30 10.9 + .22 7.9 38.0
A=BORC Boolean OR = F 39.2 + 28 21.5 + .22 13.1 64.1
2 tests required
A=BORC Boolean OR =T 36.9 + .30 20.7 + .22 10.2 102.9
on 1st condition
A=BORC Boolean OR = T 41.4 + .30 23.7 £ 22 15.4 53.9
on 2nd condition
A =BAND C | Boolean AND = T 41.4 £ .31 25.2 £ .22 15.4 63.6
2 tests required
A =BAND C | Boolean AND = F 32.7 £ .30 15.0 + .22 7.9 89.9
on lst condition
A =BAND C | Boolean AND = F 39.2 £ .30 23.0 £ .22 13.1 75.5
on 2nd condition
Table I-4: Instruetion Executions Time: Boolean
Instruction Execution Times Summary Miscellaneous Operators
{All times in_micro-seconds Range is 95% Confidence Interval)
HLL Description Execution time Instruction | Predicted Precent
Instruction per one loop Time Time Difference
NULL Null loopl (for) 17.7 £ .29 - 15.7+ -
NULL Null loop2 (loopf) 23.7 £ .30 - 17.6+ -
Test() Procedure call 57.2 + .31 37.0 % .22 35.8 54,
Test1l{B) Procedure call 67.9 + .29 51.7 £ .21 38.0 36.0
Test2(B,C) Procedure call 73.7 + .31 57.5 = .22 40.2 43.0
Test3(B,C,D) Procedure call 79.4 + .32 63.2 + 22 42.4 49.0
Test4(B,C,D,E) Procedure call 85.2 + .32 69.0 = .22 44.6 54.7
If A3 then B = 1 | Conditional, True 32.7 + .31 9.0 + .22 7.9 13.9
If A3thenB=1 Conditional, False 29.2 + 31 5.5 &+ .22 5.2 5.8
If A3 then B = 1 | Conditional, True 36.9 + .31 13.2 £ 22 10.1 30.7
Else C =1
If A3 then B =1 | Conditional, False 33.2 &+ .32 9.5 + .22 7.9 20.3
Else C =1

Table I-5: Instruction Executions Time: Miscellaneous Operators
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Appendix

II. Block Transfer Execution Times

This appendix contains tabulated results of the block transfer experiment, Section 3.2.

Block Transfer Times: Read from System to Local Memory
{Times gi i icTo- i
Block Size Block Transfer Time with
(words = 16 bits) 1 Triad 2 Triads
1 162.7 £+ 1.54 170.7 + 4.02
2 165.7 £+ 1.06 172.9 + 4.60
3 168.6 + 1.38 176.3 + 5.94
4 171.6 £ 1.45 176.3 + 4.33
5 174.7 £ 0.74 180.3 + 3.88
10 189.6 £+ 0.82 193.3 £+ 4.31
15 204.7 £ 0.71 208.6 + 3.71
20 224.7 + 0.76 230.9 + 3.99
25 235.7 +1.08 239.3 + 3.86
50 310.8 + 1.13 316.0 = 6.12
100 460.7 &+ 1.11 465.3 £+ 6.23
125 535.6 £ 1.02 541.0 = 6.63
150 610.7 = 1.10 621.3 + 10.3
175 685.6 + 1.02 692.0 = 8.48
200 760.8 + 1.13 765.1 + 6.56
Table II-1: Block Transfer Times, Read from System to Local Memory

Block Transfer Times: Write from Local to Systern Memory

(Times given in micro-secands, Ranges are 95% Confidence Intervals)
Block Size Block Transfer Time with
words = 16 bits) 1 Triad 2 Triads
1 1580 £+ 1.35 170.4 + 4.03
2 163.7 £ 1.35 170.6 = 3.77
3 *168.6 + 1.38 178.5 + 6.22
4 173.7 % 1.34 178.9 + 3.81
b3 178.7 £ 1.35 186.2 + 4.45
10 203.6 + 1.38 207.8 + 2.78
15 2286 &+ 1.38 233.7 £ 3.90
20 258.7 + 1.36 263.1 + 3.58
25 283.7 + 1.35 290.0 4+ 5.81
50 408.6 + 1.38 413.7 + 4.23
100 658.6 + 1.38 663.6 + 5.00
125 783.7 4+ 1.36 790.8 + 7.63
150 908.8 + 1.33 919.9 + 10.1
175 1033.8 £ 1.31 1039.8 + 6.04
200 1158.7 + 1.35 1164.2 + 6.18
Table II-2:  Block Transfer Times, Write from Local to System

emory
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