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performance indicator compared to the conventional, but poor, instruction rate 
measure. For more unconventional machines, instructions per second tends to 
become a significantly poorer measure. The various vector/array machines (e.g., 
ILLIAC IV, CDC STAR, eRA Y-l) have single instructions to operate on at least 
64 operands per instruction; hence instructions per second would be a poor mea­
sure. Hand-heid caicuiators have singie instruciions such as Sin, Poiar-to-Carte­
sian coordinate conversion; using anything but a final benchmark problem would 
be unfair. Accesses per second used here are as a processor performance measure. 
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Figure 1. Basic PMS computer structure model with 
six relevant performance/structure dimensions. 
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Table 1. Characterizing Computer Systems With 1, 2, 3, 4, or 5 Parameters 

Number of 
Parameters 
Allowed 

2 

3 

4 

5 

2 

Processor 
information 
rate 

Primary 
memory 
size 

THE MULTIPROCESSOR CASE 

3 4 5 

Processor 
operation 
rate 

Secondary 
memory 
size 

Processor 
word length 

Number 
of terminals 

For multiprocessors the number of processors times the memory accesses per 
second gives an approximate total. Processor speed can be computed more pre­
cisely by using the number of primary memory (Mp) modules and their data rate. 
For a system where the memory access time and the memory rewrite time equal 
the time for a processor to operate on a word, the performance is roughly [Stre­
cker, 1970]: 

Processor speed (in accesses per second) = (mit) X (1 - (1 - Ilm)P) 

where m = number of memory modules, p = number of processors, and t = the 
access time of a memory module. 

Note that when p = m = large, the performance reaches an asymptote: 

= mite X (lIe) 

In the case of mUltiprogramming systems (e.g., real-time, transaction, and time­
sharing), the time to switch from job to job is important if there is a high context 
switching rate. 

The memory sizes (in bytes) for both primary and secondary memory give the 
memory capability. The memory transfer rates are needed as secondary measures, 
especially to compute memory interference when multiple processors are used. 
This measure also permits system performance to be computed by subtracting the 



Table 2. Performance Metrics for Various Machines Interpreting the Expression, A +--- B + C 

Stack Stack 1 -Address or 
(top in Mp) (top in Pc) General Registers 

Program PUSH B PUSH B LOAD B 
PUSH C PUSH C ADDC 
ADD ADD STORE A 
POPA POPA 

Number of 4 4 3 
Instructions 

Accesses 40p + 3a + 6d 40p + 3a +3d 30p + 3a + 3d 

Program size 64 64 72 
(bits*) 

Bits accessed * 16 + 48 + 192 = 266 1 6 + 48 + 96 = 1 60 24 + 48 + 96 = 168 

Time to 0.5 + 1.5 + 6 = 8 0.5 + 1.5 + 3 = 5 0.75 + 1.5 + 3 = 5.25 
executet 
(microseconds) 

Statement 1/8=0.125M 1/5 = 0.2M 1/5.25 = 0.19M 
execution 
rate (actual 
performance) 

Operation 2/8 = 0.25M 2/5 = O.4M 2/5.25 = 0.38M 
rate 

Instruction 4/8 = 0.5M 4/5 = 0.8M 3/5.25 = 0.57M 
rate 

Processor 32M = 1 M 32M = 1 M 32M = 1 M 
instruction 
rate/word 
length 

* Assumes address (a) = 16 bits; data (d) = 32 bits; operation code (op) = 4,4,8, and 12 bits. 
t Assumes a memory limited processor which can access 32 bits per microsecond. 
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secondary memory transfers and external interface transfers. For file systems 
which require multiple accesses to secondary memory for single items, the file 
access rate capability is needed in order to compute performance. Similarly, for 
multiprogrammed systems which use secondary memory to hold programs, the 
access rate is needed. 

Communications capability with humans, other computers, and other electron­
ically encoded processes are equally important structure and performance attri­
butes. Each channel (e.g., a typewriter) has a certain data rate and direction (full 
duplex for simultaneous two-way communication). Collectively, the data rates 
and the number of channels connected to each of the three different environments 
(people, computers, electronically encoded processes) signify quite different styles 
of computing capability, structure, and, ultimately, use. 

ISP (ARCHITECTURE) PARAMETERS 

While the hardware structure and operation rates are the principal performance 
determinants, the architecture is also important. Within a given machine class 
(say minis), architecture has little effect on performance if the data-types are em­
bedded. The values for the data-types dimension in order of increasing complexity 
are roughly: 

word 
integer 
bit vector 
instruction 
character 
floating or character string (depending upon scientific or commercial use) 
program (including lists, stacks) 
word vector 
arrays 

However, it is difficult to order the dimensions, except by complexity, because 
performance is determined by whether a given problem requires the embedded 
data-type. 

In the U. S. Defense Department's Computer Family Architecture (CFA) study 
[Barbacci et al., 1977a; Burr et al., 1977; Fuller et al., 1977a; Fuller et al., I977b] 
which leads to the selection of the PDP-II as the standard architecture, bench­
marking was used to compare several architectures. 

The measures were the number of bits statically required to encode the al­
gorithm (S measure) and the number of bits that dynamically flow between the 
processor and primary memory (M measure). A third measure gave the activity of 
the internal register processor (R measure). 

The benchmarks (see Table 3; from Fuller et al. [1977b: 149]), oriented to real­
time use were each programmed with assembly languages. The resultant pro­
grams were run on a simulator (instrumented to provide the S, M, and R mea­
sures) that interpreted the formal iSPS descriptions of the machines. 
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Table 3. Test Programs 

1. I/O kernel. four priority levels. Requires the processor to field interrupts from four devices, 
each of which has its own priority level. While one device is being processed, interrupts from 
higher priority devices are allowed. 

2. I/O kernel. FIFO processing. Also fields interrupts from four devices, but without consid-
eration of priority level. Instead, each inteiiupt causes a iequest for processing to be queued; 
requests are processed in FIFO order. While a request is being processed, interrupts from 
other devices are allowed. 

3. I/O device handler. Processes application programs' requests for I/O block transfers on a 
typical tape drive, and returns the status of the transfer upon completion. 

4. Large FFT. Computes the Fast Fourier Transform of a large vector of 32-bit floating-point 
numbers. This benchmark exercises the machine's floating point instructions, but principally 
tests its ability to manage a large address space. 

5. Character search. Searches a potentially large character string for the first occurrence of a 
potentially large argument string. It exercises the ability to move through character strings 
sequentially. 

6. Bit test. set. or reset. Tests the initial value of a bit within a bit string, then optionally sets or 
resets the bit. It tests one kind of bit manipulation. 

7. Runge-Kutta integration. Numerically integrates a simple differential equation using third­
order Runge-Kutta integration. It tests floating-point arithmetic. 

8. Linked list insertion. Inserts a new entry in a doubly linked list. It tests pointer manipulation. 
9. Quicksort. Sorts a potentially large vector of fixed-length strings using the Quicksort al­

gorithm. Like FFT, it tests the ability to manipulate a large address space. but it also tests the 
ability of the machine to support recursive routines. 

10. ASCII to floating point. Converts to ASCII string to a floating-point number. It exercises 
character-to-numeric conversion. 

i i. Boolean matrix transpose. Transposes a square. tightly packed bit matrix. It tests the ability 
to sequence through bit vectors by arbitrary increments. 

12. Virtual memory space exchange. Changes the virtual memory mapping context of the 
processor. 

The C FA project also developed a single architectural measure based on a 
weighted average of various ISP parameters. The weightings were determined by 
the CFA user community, and each parameter was evaluated in comparison with 
several competitive architectures. The parameters and their weights are given in 
Table 4 from [Fuller et al., 1977a: 140-144]. 

The measures are defined so that computer architectures maximize some and 
minimize others. The measures that an architecture should maximize are VI, V2, 
PI, P2, U, K, BI, B2, and D; the measures that should be kept to a minimum are 
CSt, CS2, CM 1, CM2, i, L, JI, and J2. In the composite measures, a maximal 
measure, the inverses of those measures to be minimized were used. 

Lloyd Dickman, of DEC, calculated the measures for four DEC computers as 
follows: 

VAX-ll 
PDP-8 

1.23 
1.09 

PDP-II 
PDP-IO 

1.03 
0.66 
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Table 4. Criteria for CF A Evaluation 

Absolute Criteria 

1. Virtual memory support. The architecture must support a virtual-to-physical translation 
mechanism. 

2. Protection. The architecture must have the capability to add new. experimental (i.e .. not 
fully debugged) programs that may include I/O without endangering reliable operation of 
existing programs. 

3. Floating-point support. The architecture must explicitly support one or more floating­
point data-types with at least one of the formats yielding more than 10 decimal digits of 
significance in the mantissa. 

4. Interrupts and traps. It must be possible to write a trap handler that is capable of 
executing a procedure to respond to any trap condition and then resume operation of the 
program. The architecture must be defined such that it is capable of resuming execution 
after any interrupt. 

5. Subsetability. At least the following components of an architecture must be able to be 
factored out of the full architecture: 
Virtual-to-physical address translation mechanism 
Floating-point instructions and registers (if separate from general-purpose registers) 
Decimal instructions set (if present in full architecture) 
Protection mechanism 

6. Multiprocessor support. The architecture must allow for multiprocessor configurations. 
Specifically. it must support some form of "test-and-set" instruction to allow the imple­
mentation of synchronization functions such as P and V. 

7. Controllability of I/O. A processor must be able to exercise control over any I/O proces­
sor and/or I/O controller. 

8. Extendability. The architecture must have some method for adding instructions to the 
architecture consistent with existing formats. There must be at least one undefined code 
point in the existing operation code space of the instruction formats. 

9. Read-only code. The architecture must allow programs to be kept in a read-only section 
of primary memory. 

Quantitative Criteria Weight (%) 

1. Virtual address space. 
V1: The size of the virtual address space in bits. 4.3 
V2: Number of addressable units in the virtual address space. 5.3 

2. Physical address space. 
P,: The size of physical address space in bits. 6.1 
P2: The number of addressable units in the physical address space. 5.1 

3. Fraction of instruction space unassigned. 6.0 
4. Size of central processor state. 

CS1: The number of bits in the processor state of the full architecture. 4.9 
CS2: The number of bits in the processor state of the minimum subset 3.7 
of the architecture (i.e .. without Floating-Point. Decimal. Protection. or 
Address Translation Registers) 
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Table 4. Criteria for CFA Evaluation (Cont) 

Quantitative Criteria Weight (%) 

CM1: The number of bits that must be transferred between the pro- 6.0 
cessor and primary memory to first save the processor state of the full 
architecture upon interruption and then restore the processor state 
prior to resumption. 
CM2: The measure analogous to CM1 for the minimum subset of the 4.5 
architecture. 

5. Virtualizability. 
K is unity if the architecture is virtualizable as defined in Popek and 5.6 
Goldberg 11974J; otherwise K is zero. 

6. Usage base. 
81: Number of computers delivered as of the latest date for which 3.1 
data exists prior to 1 June 1976. 
82: Total dollar value of the installed computer base as of the latest 2.5 
date for which data exists prior to 1 June 1976. 

7. I/O initiation. 
I: The minimum number of bits which must be transferred between 12.4 
main memory and any processor (central or liD) in order to output one 
8-bit to a standard peripheral device. 

8. Direct instruction addressability. 
D: The maximum number of bits of primary memory which one in- 10.2 
struction can directly address given a single base register which may 
be used but not modified. 

9. Maximum interrupt latency. 
Let L be the maximum number of bits that may need to be transferred 9.2 
between memory and any processor (CP. 10C. etc.) between the time 
an interrupt is requested and the time that the computer starts pro-
cessing that interrupt (given that interrupts are enabled). 

10. Subroutine linkage. 
J1: The number of bits that must be transferred between the processor 6.3 
and memory to save the user state. transfer to the called routine. re-
store the user state. and return to the calling routine. for the full archi-
tecture. No parameters are passed. 
J2: The analogous measure to CS 1 above for the minimum archi- 4.5 
tecture (e.g .. without Floating-Point registers). 

ACTUAL (COMPOUND PMS/ISP) PERFORMANCE MEASURE 

In order to measure the performance of a specific computer (e.g., a PDP-
11/55), it is necessary to know the ISP, the hardware performance, and the fre­
quency of use for the various instructions. The execution time T is the dot product 
of the fractional utilization of each instruction Ui times the time to execute each 
instruction Ti. 
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There are three ways to estimate the instruction utilization U and, hence, ob­
tain T - each providing increasingly better answers. The first defines either a 
typical or average instruction. The second uses standard benchmarks to charac­
terize a machine's performance precisely. In this way, machines can be compared 
with an absolute measure. Finally, since the actual use has not been characterized 
in terms of the standard benchmark (and may even be difficult to characterize in 
terms of it), a specific unique benchmark may be necessary. Such a character­
ization is quite possibly needed for real-time and transaction processing where 
computer selection and installation is predicated on the job. 

TYPICAL INSTRUCTIONS 
The simplest, single parameter of performance is the instruction time for some 

simple operation (e.g., add). These were used in the first two computer gener­
ations when high level languages were less used. Such a metric is an approx­
imation to the average instruction time and assumes that all machines have about 
the same ISP and thus there is little difference among instructions, or that a spe­
cific data-type is used more heavily than another, or that a typical add time will be 
given (e.g., the operand is in a random location in primary memory call rather 
than being cached or in a fast register). 

Although it is possible to take the average instruction time by executing one of 
every possible instruction, since the instruction use depends so much on the data 
interpreted, this average is relatively meaningless. A better measure is to keep 
statistics about the use of all programs and to give the average instruction time 
based on use on all programs. Again, such a measure, while useful for comparing 
two machines' implementations of models of the same architecture, is relatively 
useless for particular practices. 

Many years ago, there were attempts to make better characterizations by 
weighting instruction use (i.e., forming a typical U) as to what each one did (e.g., 
floating point versus indexing and character handling) to give a better perform­
ance measure. Instruction mixes were developed that began to better evaluate 
performance. These mixes, from Bell and Newell [1971:50], are given in Table 5. 

The Gibson mix, best known, is still used even today. It has a decidedly com­
mercial flavor and quite possibly reflects the proportion of machines executing 
commercial, as opposed to scientific, mixes with character operations, switching, 
and control, where proportionally more integer and floating-point data-types are 
used. Such mixes are still better approximations than a single instruction average, 
because use enters in. Note that if the data-type operation is not present in the 
machine, the programmed subroutine time must be given - typically a factor of 
10-20 times greater than for built-in operations. 

STANDARD BENCHMARKS 

The best estimate of real use comes from carefully designed standard bench­
marks that are understood and that are used by other machines. Several organiza-
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tions, particularly those that purchase or use many machines extensiveiy, have 
one or more programs that they believe characterize their own workload. 
Whether a standard benchmark can be of value in characterizing performance 
depends on the degree that it is typical of the actual use of the computer. A further 
advantage of benchmarks is that they are the language that the computer is to use, 
and, hence, reflect the application and characterize the language machine archi­
tecture. To illustrate the variability in the scientific FORTRAN benchmark met­
rics, the performance of a number of machines (VAX-ll/780 with floating-point 
accelerator option, PDP-ll/70, and DECSYSTEM 2060), executing about a 
dozen such benchmarks, is compared in Figure 2. Two scientific benchmarks of 
the National Physical Laboratory in the United Kingdom [Curnow and Wich-

Table 5. Instruction-Mix Weights for Evaluating Computer Power 

Arbuckle[1966) Gibson* Knight (scientific) Knight 
(commercial) 

Fixed +/- 6 10(25)t 25 (45)t 
Multiply 3 6 1 
Divide 2 
Floating +1- 9.5 10 
Floating mUltiply 5.6 
Floating divide 2.0 
Load/store 28.5 25 (move) 
Indexing 22.5 
Conditional branch 13.2 20 
Compare 24 
Branch on character 10 
Edit 4 
I/O initiate 7 
Other 18.7 72 74 

* Published reference unknown. 
tExtra weight for either indirect addressing or index registers. 

mann, 1976] are often singled out as being the most useful benchmarks because of 
the extensive effort that was put into designing them as typical scientific pro­
grams. Several factors, such as the frequencies of the trigonometric functions, 
frequencies of subroutine calls, and characteristics of the I/O, were considered. 
The performance of computers executing these benchmarks is expressed in 
Whetstones per second. 

There are similar benchmarks for commercial processors that generally use the 
CO BO L language. 
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EXACT USE CHARACTERIZATION 

If a machine has to be fully characterized before installation, there is no alter­
native to running the exact problem which will be run on the final system. This is 
the most expensive alternative to characterize performance and should be avoided 
because of the dynamic nature of use. Showing that an application yields a given 
performance on a particular machine is a weak guarantee of performance if any 
part of the problem changes. 

4.0 r--------------------..., 

3.0 

LEGEND 

i INTEGER ONLY 
f FLOATING INTENSIVE 
d DOUBLE FLOATING INTENSIVE 

S.P. WHETSTONES 
D.P. WHETSTONES 

Figure 2. Relative performance for various FORTRAN 
benchmarks run on VAX-111780 and DECSYSTEM 
2060. 
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