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1. Introduction.

When processing programs  written in  block-structured languages
allowing recursive procedures or other means to generate more than one
dynamic instance of a given entity, the compiler cannot predict the
location in memery of variables during runtime. Examples of languages
with such facilities are Algol 60 [13], Simula6? [7], Pascal [16] and
Ada [l]. 1In these languages identifiers declared in the currently
aetive block or inm one of its statically enclosing blocks are directly
accessible by their names. The problem discussed in this paper is how
Eo access entities denoted by identifiers in the enclosing blocks in
an efficient way.

During runtime there may simultanecusly exist several activation
records representing different activations of the block (sub-block,
procedure etc.) with distinct data. The static binding of wvariables to
names defines the environment of an activation record. The environment

of an activation record does not vary during its lifespan.

A common method of providing access to variables in the environment is
te maintain a table of references to the accessible activation
records. This table is usually called the display [11], and the method
has been used in many language implementations [&,17,15]. Improved
methods for maintaining and representing the display have been de-
scribed in [3,18]. Another access method is to use a link stored in
each activation record referencing the activation record of its
closest surrounding bloek, the static link. The environment of ao
activation record is resolwved by descending through the linked list of

dctivation records.

An earlier evaluation of a Pascal system [18] dindicates that the
linked list method iz preferable for that language., In this paper we
will show that this is also true for languages such as Simula where
programs normally contain more nested block structures than in Pascal-
In Ada programs there will probably be at least as complex structures
as in Simula programs, which indicates that the results are wvalid also
for Ada.



The reason for the adwvantage of the linked list method is that
accesses to variables in activation records other thanm the current one
are usually to the outermost block, which can be accessed in a more
efficient way. This means that the overhead to maintain the display
does not pay off in faster access often enough. Other advantages of
che linked list method are the considerably simpler runtime system and

the simpler implementation of separate compilation.

In section 2 of this paper we discuss the access methods 1n more
detail and calculate costs for a few basic operations like updating
the display or accessing a non-local wvariable. The calculations are

done in machine independent units.

In section 3 we study the runtime bhehavicur of 20 preograms in crder to
compare the access methods. We deo the comparison for ten different
situations or versions of the basic access methods. We also present a
cost expression which can be used to compare cases other thanm the ten
presented. We conclude the section with some program statlstics that
help to explain the result but also are of more general interest.

In section 4 we report on the results obtained in an implementation of

Simula using two different access methods.

The reader should have a working knowledge of at least one of the pro-
gramming lanpguages discussed and some knowledge about language

implementation technigues.
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2. Access methods.

The term “block” 1is used here to denote sub-blocks, procedures and
similar constructs. The storage space needed for execution of a block
is allocated during runtime, when such a construct is entered. The
variable-size allocation units are called activation records. The
environment which consists of the directly accessible activation re-

cords can be represented in basically three different ways (Fig. 1).

1. Global display:
4 vector stored in a fixed place in memory or in registers [11,
2,8]. The display contains references to the environment of the
currently active block instance and has to be updated every time
the environment changes, due Eto preocedure calls or returns,
sub-block execution or process switching.

2. Local display:

A vector stored in the activation record itself [2,3]. The display
contains references to the environment of the block instance and
is eonstructed when the activation record is created. The current-
ly used display is that of the currently active block, so no
updating of the display is needed when the environment changes.
Compared with other access methods this method may need larger
activation records to hold the display which can cause reduced
efficiency. This aspect, however, is not considered here.

3. Linked list:
A linked 1ist of activation records, where every record references
the activation record of its closest surrounding block [2]. The
chain has to be followed for every access Cto a non-local

identifier.
—— e =i =] Begln
— Qurermost
Ry % ¥ Y block raal X
== I Procedure Q,
begin
Y ! Y rgleal Yy
o _— Er‘mfedur'*e P 5'
i f———1 [urrent e
i P Ar block real Z;
1. Global 2. Local 3. Linked
dlsplay display list

Fig. 1. The three methods to represent the environment.



2.1 Evaluation.

The choice of access method has a great Influence on system per-
formance. The execution time spent on the following rasks is of major

interest:

a. Entry to or exit from a procedure, sub-block or other block-like

construction.

b. Process switching (in programming languages with coroutine facili-
ties or facilities for concurrent execution e.g. Simula [7],

Concurrent Pascal [6] and Ada [1]).

c. Referencing activation records in order to access variables or call

procedures declared in the corresponding block.

In order to compare the different methods we will calculate the costs

for tasks a, b and ¢ above, adopting the following notatiom:

5 dis the statie bloeck level (= zero for the outermost block}.
Sp iz 5 for a called procedure, block ete.

b is 8 for a calling block, procedure etc.

Sv is 5§ for a referenced wvariable.

The impact of the hardware used is isolated in three constants: K, C
and A, which can take different wvalues in the three methods.

Usually the display is constructed in a loop contained in a small rou-

tine.

K is the cost to call the routine and to initialize a loop in which
the display is constructed.

C is the cost to construct one level of the display. It includes the
cost of obtaining a reference to the activation record of the
statically enclosing block, placing it in the display and main—
taining the loop.

A iz the cost to fetch one reference to an activatlon record.

We presume here traditional computer architecture and ignore the
influence of wvirtual memory, cache memory, interleaving, pipelining

and similar techniques.



Access to the current activation record 1is wusually optimized by
keeping a reference to it in a fixed memory location or in a register,
since this record 1is expected to be wvery fregquently referenced.
Futhermore, the activation rtecord of the outermost hlock can be
allocated in a fixed position, which makes it possible to access its
contents directly. These improvements can be applied to any of the
three access methods, which leads to the same ensts for accessing
variables in these Ctwo activation records independent of the access
method used. Since we are dinterested in the difference between the
access methods, we will not ineclude accesses to these two blocks in

our calculations.

In some of the access methods the number of index registers available
Will have a significant effect on performance. This will be discussed
later. To start with we presume only one index register available for

access to activation records at intermediate levels.

1. Global display 2. Loecal display 3. Linked list

a. Entry KAHC&(Sp-1) E+C*{5p=1) 0
Exit K+C*max((Sb-1),0) 0 0
b. Switching FA+C¥fmax{(S-1) ,0) 0 0
c. Access (5v#0 A A A*(5p-5v)

and Sv#Sp)

Table 1. Cost for interesting events depending on access method. Observae
that the activatiocn records of the current and outermost blocks
are not included in the display.

2.2 Improvements of the methods.

In most cases for method 1 it will be possible to determine at compile
time how the display has te be changed during runtime [18]. This is
typically the case when a procedure is called using its name d4in the
source program. Usually a large part of the displays of the procedure
and the calling block overlap and do not have to be changed.

Calling a sub-block is a special case where the display omnly has to be

extended with one reference.



The c¢ode to update the display can be generated inline, in which case
there 18 no need for a loop. This will reduce the C-factor by the cost

of the loop, and reduce K to zero.

Simple
Procedure Sub= other
calls blocks cases
a. Entry C*max( (Sp-5b),0) C*1 Cx(Sp=1)
Exit Crmax( (Sb=5p),0) 0 C*max( (5b-1),0)
b. Switching C*max({5-1),0)
c. Access
{Sv#0 and Sv#5p) . A

Table 2. Overhead in the improved version of method 1 (Global display).

In method 2 the code to create a local display may also be generated
inline, in which case the K and C costs will be affected in the same

way as for method 1 above.

4 further improvement may be achieved by collapsing sub-blocks into
their textually enclosing blocks [3,2]. This will reduce the length of
the display in a program, which affects all the access methoeds in a

gimilar way and is therefore not discussed in this investigation.

2.3 Influence of many index registers.

If the number of index registers is large enough to hold the complete

display the performance of the various methods can be improved.

The overhead in method 1 is affected in two ways. The access cost, 4,
is reduced to zero when accessing variables and decreased from a
memory access to a register transfer when allocating a procedure. The
cost of the transfer, however, is ignored here. The construction—cost,

¢, will decrease, since the references have not to be stored in memory.

Method 2 is distinguished from method 1 with respect to costs by the
fact that no action is needed on hlock exits and process switches, as
shown din table 1. However, if a copy of the display is kept in
registers these must be updated also on block exits and process
switches, and the advantage of method 2 disappears. Thus method 1 and
method 2 behave didentically whem the display is held in registers
although the K and C costs may differ.



In method 3 the extra registers can be used to save references to
already accessed blocks. This technique may be combined wicth logic
during code generation to move register loadings out of program loops
when possible. This improved wersion of method 3 will come very close
to a version of method 1 where only the used portions of the display
are actually constructed. After special events, such as calls of Dthgr
procedures, the display has to be reloaded {(but only when used again),

which corresponds to the exit-procedure cost in methed 1.

Thus in the highly coptimized case, and with enough index registers
available, the difference between methods 1 and 3 is very small. In
method 3 registers will only be loaded when actually used. Lf method 1
is used, some time may be wasted on keeping unused registers updated.
On the other hand, in the improved version of method 1 no wupdace of
the display has to be performed when the displays overlap. These
improved versions of methods 1 and 3 appear to be comparable with

respect Lo effort of Implementation and overall complexity.

2.4 Estimation of machine dependent costs.

In this section we estimate the machine dependent costs with lower
limit walues faor typical cases. The costs are expressed in
instructions, except for the cost for repetitious dinstructions which °
are estimated in number of memory references. On a specific computer
it will be more interesting to do the calculations in time-units
because the ewxecution time for diiferent dInstructions may vary
congiderably. The values presented in table 9 may be used for more

accurate ecalculations in specific situations.

When a general routine is used to update the global display, or to
create a loecal display, there will be a fixed overhead to call and
exit the routine and to iInftialize the loop to perform the con-—
struction. In methed 1 the display is usually constructed from a
linked structure of activation records. In method 2 the display of the
block statically enclosing the entered block can be copied and
extended.



Ag an example we show an implementation of the update display routine

for method 1 in a fiectitious assembly language.

LOAD TINWDEX1,LEVEL (KE: Indexl:= Position in new Display

SKIP INDEXL,#0 (K: —— If there are zero entries

JUMP DONE (K: —— we are done

LOAD I[NDEXZ2,50URCE (K: IndexZ:= Top element in Display.
ONEMORE : {

STORE INDEXZ,DISPLAY,INDEXL (C: Display[Indexl]:=Index2
LOAD TINDEXZ2,STATCHAIN,INDEXZ (C: Index2:=Index?2.5tatChain

DECE INDEX1,=1 {C: Indexrl:=Indexl-1

SEIP IWDEXL,=0 (C: —— check if more entries to £ill

JUME ONEMORE (C: 1f Countl#0 then goto ONEMORE
DONE : (

The code for methed 2 is slightly more complicated.

The display in memory.

The ©C cost in a particular {mplementation depends heavily on the
target computer. Un a machine with a limited instruction set up to 5
instructions may be needed as shown above. On computers with more
gophisticated hardware, such as automatic register—incrementation and
powerful loop handling instructions, 3 instructions are commonly
needed. If a machine has advanced repetitious instructions orvr is
microcodable the C-operaticon may be implemented with one instruction.
However, the time to execute one loop in that instruction will come
close to that of executing one load and one store operation because
two memory references are needed. We therefore asgsume a lower limit of

2 for the C-operation.

The loop set—up operation, ¥, includes dnitialization of three
entities; how many levels should be loaded into the display, where to
find the first entry and where the first entry should go. The first
loop test must be included in the K cost adding up to 3 instructions.
When zero entries are needed in the display a JUMP instruction has to

be executed instead of one of the LOADs giving the same sum.

The cost te call and exit the routine Is neglected here since the rou—
tine is wusuwally small and can be generated inline in the runtime
system where 1t is needed.



The display in registers.

When the display is kept in registersz the STORE ogperatiom is not
needed. The C cost will decrease by one to 4, 2 or 1 instructions

depending on instruction set. K is still 3 instructicns.

The update display code generated inline.

When the update display code is gemerated 1nline no loop is needed.
The K cost is zero and the C cost 1s equal te 2 when the display is
kept in memory (LOAD and STORE) and 1 when the display is kept in
registers (LOAD).

The A cost iz determined from the code to obtain a reference to one
activation record. In method 1 this is done by indexing the display
vector. In method 2 the reference is found in the activation record of
the current block. In both cases one instruction is needed. In method
3 the reference is found by following a chain of static links from the
current activation record to the desired record, each step of which is

implemented with one instruction, giving an A value of 1.

3., Program Statistics.

In the previous section three access methods were studied and
expressions for their overhead were developed. In order to predict
which method will actually hawve the best performance we nesd runtime
statistics on signifieant events (block entry/exit, process switehing
and access of non-local entities). The relevant data cannot be
obtained by examining the program text, since these events are
dependent on program execution. In fact, statisties obtalned from one
program can differ from one execution sample te another, but normally
different sets of data will exhibit similar trends.

In order to collect the necessary data we chose to modify the compiler
and runtime system of an existing language implementation. The
compiler was modified to generate code for counting accesses wherever
an activation record was accessed. The runtime system was modified to
count all block entries/exits and process-switches. The compiler used
was a 5imula system on a mini-computer [12].

All programs examined in this paper were written in Simula [7].

.



3.1 Besults from three programs.

We will here present statistics obtained £from three programs in
different application areas, and show how the values are normalized
for comparison. The programs have been chosen to cover quite different

ways of using the facilities of Simula.

Program 1 solwves partial differential egquatiomns, written in
traditicnal Alpgel style without deeply mnested levels. Due to the
emphasis on ealculation it contains a large number of wvariable
references. Program 2 is a lexical scanner for Simula. It was written
with heavy use of the coroutine facilities of Simula, which results in
a large number of process switches. Program 3 1is a wodel of a

Concurrent Paszcal [6] system with an unusually complex block structure.

Program Block Process Block
creations switches references
1 Level=0 1 Cutermost 341193 12 X
1 - 33693 =1 158121 5.4
2 10801 Current 2474836 B3 %
2 0 1 0 1 Cutermost 205397 46 X
1 6363 1 61372 =1 17460 4 X
2 7519 2 1] Current 224026 50 %
3 0 1 0 1 Dutermost 140502 8 %
1 10 1 17547 =3 0
2 70230 2 3 =2 140435 a8 %
3 122909 3 17544 =1 721264 42 %
& 26347 & 0 Current 721986 42 %

Table 3. Distribution of relevant events in three programs.

An interesting observation in Table 3 is that for these three programs
global variables at long static distance are rarvely accessed, except

for those declared in the outermost block.

In order to make a more compact comparison, we will use the total
number of process switches and global references (excluding the
putermost block) to characterize a  program. These figures are

normalized by the number of block-creations as presented in Table &.

Program Switches/block Global accesses/block
1 0 3x55

2 4.42 L.26

3 0.16 3.93

Table 4. Characteristic figures for three programs.
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The index register avallable for access of blocks at intermediate
levels is not reloaded if it already contains a reference to the
requested record. The costs for accessing the current block and the

outermost blocks are the same in all three methods and are therefore
not included in the caleulations. With no other optimizations included

the costs for each access method are presented in Table 5.

Methed 1 2 3 1-Tmproved 3=-Improved
Pro- (many registers)
gram
1 88,998%K 44, 99%K 66, 001%K
+ 24,128%C |+ 10,801*C + 24,128%C
+158,121%4 +158,121%4 158,121%4 | +158,121%A 21,134%4
2 89, 146%K 13,887*K 89, 144%K
+ 15,868%C |+ 7,519%C +14, 483%C
+ 17,460%A |+ 17,460%A 17 ,6560%4 | +17,460%A 7, 489%4A
3 474 ,096%K 219,501%K 4§74  092%K
+860,358=C +395,089*%C +579,386%C
+861,699%4 | +861,699%A | 1,002,134%4 | +861 ,699%A 385,075%4A

Table 5. Overhead costs in machine dependent units.

For direct comparison the

The comstants K, GC,
and A are defined in section 2.1. The improvements of the methods
are described in section 2.2 and 2.3.

following ten versions of the methods were

chosen.

Method 1 with the display update as a routine and with the display
in memory. We use A=1, K=3 and C=3 according to section 2.4.

and the dis-
this version is

Method 1 with the display update code generated inline
play in memory, giving A=l and C=2. (The result of
later used for normalizing the figures.)

Method 2 with the display update code as a routine (K=3,C=3,A=1).
Method 2 with the display update code generated inline (C=2,4=1).
Methed 3 with a=1.

Method 1, improved so that unnecessary restorations of the display
are avolded and update code is produced inline (C=2,A=1).

Method | assuming that the hardware registers can hold the display
(K=3,C=2,A=0).

Method 1 with the display in registers and update code inline (C=1,A=0).

Method 1, improved so that unnecessary restorations of the display
are avoided, update code 1s produced inline and the display is kept
in registers (C=1,A=0}.

Method 3 with the Improvement that many available registers are used

to save already loaded bleock references, combined with logic to move
sauch loads from propram loops as described in section 2.3.



Few registers Mamny reglsters

1 1 2 2 3 L Im— 1 1 L Im- 3 Im-
P proved proved proved
T k=3 KE=3 K=3
o C=3 (=2 (=3 (=] =2 C=2 (=] Cc=1
g A=]  A=]  A=]  A=] A=1 A=1 A=0 4=0 A=0 A=1
1 497 206 324 180 158 206 315 24 24 21
2 333 49 B2 32 17 46 299 16 15 7
3} 4B6S 2582 2705 1652 1002 2020 3143 Bel 579 385

Table 6. Overhead cost for the three programs in thousands of
instructions.

To ease comparison the numbers are normalized with the cost for method
l with update code penerated inline. The normalized wvalues are
presented together with the number of process switches/block creation
and global accesses/block creation.

F ew registers Many registers

P L 1 2 2 3 1Imp 1 1 1Imp 3Imp
T sW  acc K=3 E=3 E=3

o == C=3 C=2 (=3 (=2 C=2 C=2 C=1 (=1

B bl bl A=l A=l fA=1 A=]1 A=l A=l A=0  A=0 A=0 A=1
1 0 3.55 1 2.41 1 1.57 0.87 0.77 1.00 1.533 0.12 g.12 0.10
2 5.42 1.26 | 6.78 1.66 0.66 0.35 0.94 f 6.08 0.32 0.29 0.15
3° 0.le 3.93 1.88 1 1.05 0.6% 0.39 0.78 1.22 0.33 0.22 Q.15

Table 7. Result example. Abreviations: Sw/bl = no. of process switches
per created block, acc/bl = no. of intermediate accesses per
block, Imp = Improved version of the method.

To illustrate the use of this table we will first focus on program 1.
This program uses global wvariables Lo some extent, but does not use
coroutines at all. Comparing the methods we find that method 2 and 3
have a slightly better performance than method 1, and that the
improvement of methed 1 does not give any effect at all. When many
index registers are avallable we find a significant increase in

performance for all the methods.

Fropram 2 has a different behaviour, with a wery large number of
process switches and a small number of accesses to global blocks. The
penalty for using a routine to update the display in method 1 is thus
very high. Methods 2 and 3, which handle process switching better than
method 1, show mwuch better performance. The importance of many
registers is less for this program than for program 1 because of fewer
global accesses, but the dimprovement is still high. Program 3 yields

gimilar relationships for the performance of various methods.
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8g far the results indicate that method 3 has a better performance

than the other methods, but to draw a definite conclusion we need

statistics from more programs.

3.2 Results from 20 programs.

20 Simula programs were selected for additional statistical evaluation.

Due to the small size of the memory on the computer used (64 Kbytes),

the size of a program was restricted to 3000 source lines. Further,

the following restrictions were adhered to:

1. The programs were to be chosen from different application areas.

2. The programs were not to be written mainly to check the system
itself.

3, The size of a program should not be less than 200 source lines.

F e w registers Many registers
It 5 1 1 2 2 3 limp i: 1 Limp 3Iomp
T i BW  acc K=3 K=3 K=3
o] £ — C=3 (=2 (=3 C=2 c=2 C=2 C=1 Cc=1
z e bl bl A=1 A=l A=l =1 A=l A=l A=0 £=0 a=0" A=l
1 300 O 0 74.36 1 37.18 0.50 0O 0.99 | 73.86 0.50 (.49 0
2 500 0.16 3.93 1.88 1 1.05 0.64 0.39 0.78 1.22 0.33 0.22 0.15
3 Joo 0.24 2.18 2.62 1 1.38 0.67 0.48 0.88 L.90 0.2 0.22 0.13
4 %00 O 2.79 1.88 1 1.04 0.60 0.39 0.53 1.26 0.39% 0.15 0.14
5 2400 0.08 0.73 3.45 1 1.77 0.60 0.24% 0.97 2.83 0.38 0.37 0.17
6 1300 0.49 1.64 3.10 1 1l.66 0.76 0.39 0.53 2.40 0.30 0.07 0.18
i 600 O 3.55 2.41 1 1.57 0.87 0.77 1.00 1.53 0.12 0.12 D.10
B 2100 0O 1.59 2.74 1 1.61 0.72 0.39 0.70 2.05 0.31 0.l6 0.14
9 200 0 0.60 9.41 1 5.25 1.00 O0.83 1.00 8.49 0.09 0.09 0
10 2000 O 2.4p 2.02 1 1.19 0.67 0,37 0.43 1.39 0.37 0.08 0.16
11 1000 4&.42 1.26 .76 1 1.66 0.66 0.35 0.94 6.08 0.32 0.29 0.15
12 200 0.09 20.79 1.33 1 1.07 0.91 0.83 D.84 0.42 0.08 0.00 0.04
13 200 O 5.14 1.91 1 1.32 0.85 0.68 0.8Y9 1.100 0.19 0.04 0.11
14 400 0.97 0 L0D.67 1 34.22 0.54 0 0.50 |L00.17 0.50 0.25 0
15 200 O 2.30 2.01 1 1.11 0.61 ©.28 0.66 1.39 0.38 0.21 0.13
L6 700 0O .86 3.88 1 1.%0 0.53 0.39 0.89 3.19 0.32 0.26 0.11
L7 400 1.6% 20.67 1.52 1 0.98 0.81 0.79 0.87 0D.68 0.16 0.09 0.12
If 700 0.59 0.89 3,93 1 1.90 0.70 0.30 1.00 3.29 0.35 0.35 0.23
PHAEON .25 1.15 3.32 1 1.15 0.45 0.23 0.7¢6 2.71 0.39 0.26 D.14
200 700 O .38 1.96 1 1.27 0.78 0.55 0.59 1.20 0.23 0.03 0.12
Average
program 0.50 3.85 2.22 1 1.22 0.72 0.57 0.77 1.47 0.25 0.14 0.12
Tahle 8. Overhead for access method in 20 programs. Values for 10 different

cases of the 3 basic metheds are presented. The calculations of the
values representing the average program are explained in section 3.3.
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Criteriom 1 is reguired to guarantee a fair use of the different
facilities of the language. Criteria 2 and 2 are intended to aveodid

distorting the statistics by too much use of special facilities.

The resulting table alse includes the number of source lines in each
program, since we initially felt that this should afifect the behaviour

of the program. However, this does not seem to bhe the case.

The use of a routine to update the display gives a wery high overhead
in both metheds 1 and 2. It gives extreme results in the cases where
nothing has to be updated In the majority of the calls of the routine.
Clearly the use of a routine to update the display should be awvoided.

When few registers are used method 2 shows good behaviour compared to
method 1. As a whole, method 2 has 72% of the cost of method 1. In
programs without process switching the number of display constructions
are cut in half by this method, but overall gain is less since the
costs to access intermediate levels are present in both methods.

Method 3 shows even better performance than method 2 in all cases and
yields 57% of the overhead of method 1 for the average program. In
cases with many global accesses (Programs 12,13,17), it still compares
favourably with method 1. It performs extremely well in cases where
there are many process switches (11,14,17,19). It is interesting to

find twe programs with no global accesses at all and thus no overhead.

The improved version of method 1 shows an overall performance close to
that of method 2. The effects of the improvement vary a pgreat deal,
from cutting the overhead to less than half to having no effect.

These results indicate that on a machine with few hardware registers
the linked list method is more efficient. The performance obtained by
this method is better than the improved wversion of method 1 without

the added complexity of implementing these improvements.

When comparing the figures for the cases where the display can be held
in registers we find that the performance of basic method L improves
considerably. The improved version of this method cuts the remaining
overhead to about half and the improved versiom of the linked list
method shows similar figures. A choice hetween these latter two
methods should be made on other grounds, such as simplicity and ease
of implementation.
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3.3 A cost expressilon for the methods.

The statistics obtained have also been used to construct a cost
expression for each of the metheds. The expression can be usad to
caleulate the overhead in other combinations of the parameters K, C
and A than that used in the evaluation above. The expression has the
form:

k*K + c*C + a®A

where K, C and A4 are the mﬁchine dependent factors as described above.
The coefficients k, ¢ and a are constructed from the stacistical
material to refleet the method dependency of the different factors. If
K, C and A are calculated in time units for a particular implemen-—
tation, the expression gives the access method dependent overhead teo

execute an "average block” as it appears in our statistical material.

Method: 1 2 3 l1-Improved 3-Improved
k 2.50 1 2,49

c 1.96 0.88 1.07

a 3.85 3.85 4,45 3.85 0.89

Table 9. The method dependent factors for an average block.

As an example of the wuse of Table 9 we calculate the overhead in the
following case!
We use method 1 with a microcoded routine to update the display
(k=3 and C=1). The display is kept in registers (4=0}. The yield
value is 9.46 (=3#2.5041*1.96)}, or 1.22 when normalized as above.

The constants in Table 9 have been calculated based on an "average
program” constructed by taking the average of the characterizing
numbers for the 20 programs. The distribution of bleck accesses, block
creations and process switches over levels has been constructed by
taking the average of the distributions in the 20 programs. A more
detailed description of the method used is found in appendix A and B.
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Block creations Process switches Block references

Lavel: Level: Level:
0 (Main program) V] 0.2 2 Outermost 28.9 X%
T e e 1 2.9 % =4 Q.06 X
2 43.4 % 2 31.1 % -3 0.38 %
3 16.6 % 3 5.8 % -2 2o R
4 3.3 % ~1 17.5 &
5 D2 A Current 5L.0 ¥
0.50/black 19.1/block of which 3.85

at intermediate levels

Table 10. Distributicon of events in the average program.

In Table 10 we find that nearly 80% of all created blocks are declared
in the user main program or one level deeper. Thus the display is
usually not very long. The distribution of process switches shows the

game tendency.

The distribution of bleck creations gives wus the possibility of
calculating the average length of the display and thus the exCra
memory needed in methed 2. In blocks created at level 1 no entry is
needed as references to the main program are optimized. Blocks at
level 2 will have 1 entry and so on. The average length of the display
is thus:

0%0.36 + 1%0.43 + 2%0.17 + 3%0.03 = O0.87

This indicates that the needed memory is in fact a little less than in
the other methods, where normally space for a static link is reserved

in all activation records.

The results regarding accesses are supported by an earlier dinvesti-
gation made by Arnborg [4] where the static behaviour of 51 Simula
programs 1s evaluated. He shows that of 17,166 textual identifier
accesses, 7594 were to an item in the activation record of the current
block, 2% to the outermost block, and 24% to blocks at intermediate
levels. The discrepancy with our results may be explained by the

following observations.

In the results presented above the references to standard input-output
files are dincluded in the walues for the outermost block, which
considerably increases the figure for that block. If the walues for
the outermost block are discarded, and the remaining values are
normalized, we obtain 72% for the ecurrent block and 28% for inter-
mediate levels. The remalning difference may be explained by the
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block-reduction technique used in [4] which dincreases the number of
accesses to the current activation record. Furthermore, only accesses
to {dentifiers denoting data are considered in [4], but in this paper
the cost of obtaining a reference te the activation record of the
closest surrounding block of an activation record to be allocated 1s
also included.

With these observations in mind it is interesting to note that the
figures match so well in spite of the difference in methodology
(counting static occurrences in [&] rather than performing a dynamic
analysis of running programs as in this paper}.

The amount of computatien per block varies considerably from over 100
variable accesses per block to virtually none. The average, 1%
accesses per block, will probably decrease, as the ideas of structured
ard modular design of programs and information hiding principles often
lead to programs with many, very small, procedures [14].

4, Practical results in an implementation.

The results from this study were used to change the access method in
an existing implementation of Simula 67 for the Data General Eclipse
computer [12]. Due to the very restricted memory size on this machine
(64 Ebytes) the Simula system has been heavily optimized to minimize
space used.

The access method originally used was a wversion of the global display
method with the display kept in memory, since the Eclipse has only two
index registers. One reglster was reserved to reference the activation
record of the current block. However, references Co the activation
records of the current block and the outermost block were included in
the display. The display update code was implemented as a routine with
a heavy overhead to call. The optimization of method 1 discussed
earlier in this paper was emploved, but when the display had to be
updated it was completely reconstructed to aveid parameters to the
routine.

The K cost was found to be 15.6 psec, the C cost 3.67 musec and the A
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cost 1.2 usec. Using the statistics above on one of the programs (no.
3, lable 5), remembering that more than actually needed was restored,
we got a total overhead of 13.2 seconds.

Doing the same calculations with method 3 (linked list) gives a total
overhead of 1.2 seconds.

The expected saving was very encouraging, so the acecess method was
changed from method 1 to method 3. Although both the compiler and the
runtime system are written 1in assembly language, the change could be
carried out fairly easily due to modular design and adopted principles
of information hiding and abstract data types.

The CPU time consumed by the same program efecuted under the new
system decreased from 67.0 to 55.7 seconds, a saving of 11.3 seconds,

which matches the expected saving of 12.0 seconds.

It was feared that the time advantages obtalned by using method 3
instead of method 1 would be outweighed by an dincrease in storage
space, due to the extra code produced for descending static links when
activation records of enclosing blocks were referenced. However, it
was found that most programs actually shrank in size. This surprising
result is due to the smaller size of the runtime routines responsible
for block entry/exit ete. and the fact that extra code is produced
very rarely. The activation records of the currently active block, the
block dmmediately surrounding the current block and the ocutermost
program block can all be accessed with the same overhead as in method

1. Df all block accesses, 97% are to one of these three blocks.

The runtime system also became simpler as the concept of block level
disappeared. This has the nice sideeffect that separately compiled
procedures amnd classes can execute on any level in a system using the
Iinked 1ist access method, since the only entity they share with the
main program is the system defined 1/0-package, located in the outer-
most block. Accesses to the corresponding activation record are not
made via the static links.

Using a program to calculate runtime costs of different Simula
constructs [5] we measured a saving of 25% in execution time on
procedure calls at the lowest user level, and 37% for corcutine
switching and remotely accessed procedures. A saving of 5-10% of

execution time seems to be typilcal for most programs. This indicates
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that approtximately 20 to 30Z of the total CPU time was spent on
administratlion of procedure calls, now reduced to L5 to 208, whieh is
still quite high.

These rtesults show that an efficient Implementation of the access
mechanism pays well, since procedures and other sub-program features
are heavily used [14].

5. Conclusion.

In this paper we have developed a umethod to compare different
mechanisms te access global variables in bleck structured languages.

From a number of running programs we have gathered statistiecs on the
frequency amd distribution of significant events. From this material
we have developed an expression which gives the overhead of the
different methods, expressed in hardware dependent parameters, for the

execution of an average block.

With the use of this technique we have compared the different methods
to access global data in some realistic situations. This evaluation
indicates that the linked list method is not only easier to implement,
but also has a better performance on hardware with few index registers.
On hardware where the display can be kept in fast access registers,
the difference between the linked list method and the global-display

method in improved versioms is wery small.

The linked list method is also attractive since it allows separately
compiled sub-programs to execute at any level in the resulting pro-
pram.

The results obtained from implementing twe different access methods In
a S5imula gystem support the conclusion above. The experiences have
been used to change the access method to the linked list method in
that implementation. The results here alsc Indicate that further work

on improving the performance of sub-program censtructs is well spent.
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APFPENDIX A

Calculation of the average program.

When forming averages of data obtained from executing programs it is
not appropriate to simply add the data together since this would mean
that a program with wvery large walues would affect the averages to a
large extent. It would also mean that running one of the programs im a
larger execution sample would change the averages. This seems not
reascnable. One way to awvoid this is to normalize the figures from

each program with something that measures execution volume.

A simple way to do the normalizing would be to divide all the figures
by the consumed CPU-time. However, since we are only interested in the
gignificant events, the amount of “ordinary"” computation should be
left out. For this reason, but also because execution time depends
very much on the hardware, we have not used this method. Instead, we
hawve wused the number of block creations in the program run as a
normalization factor. This makes the figures Independent of the

hardware and the amount of execution.

A drawback of normalizing by the number of block creations is that a .
program with extremely many process switches or accesses can affect
the average more than desired. This can be prevented by normalizing
the number of block creations, process switches and accesses within

each program in some way, but we felt that the benefit achieved by

block creations process switches block accesses

0.34 0.11 0.55

Table Al. Average of the distribution of significant events.

Method: 1 A 3 1-Imp 3=Imp
k 2.32 1 2.31
(i 1.88 0.83 0.99
a L.62 1.62 1.88 1.62 0.57

Table A2. Method dependent factors as in table 9, but from an
average program constructed with the distribution of
events from table Al.



this does not motivate the loss of simplicity and surveyability of the
tables. Nevertheless, we have for comparison made an average program
where we, within each preogram, have normalized with the som of block
creations, process switches an accesses to blocks at intermediate
levels. The k-, ¢~ and a-constants of such an average program are

presented in table A2 in the same way as in table 9.

These figures give the alternative figures in table A3. We also pre-
sent the figures obtained by taking straight averages in table 8.

F e w registers Many registers
1 1 2 2 3 1Imp 1 1 1lImp 3Imp
gW ace K=3 KE=3 K=3
—_— Cc=31 Cc=2 (=3 oc=2 c=2 c=2 C=1 Cc=1
bl bl A=l A=l -A=1 A=1 A=1 A=l A=0 A=0 A=0  A=1

uged average
alternative as ahove

straight average

0.50 3.85 2.22 1 1.22 0.72 0.57 0.77 1.47 0.25 0.14 0.12
0.32 1.62 2.64 1 1.35 0.63 0.35 0.67 1.99 0.35 0.18 0.11

0.50 3.85 = 1 = 0.69 0.43 0.78 = 0.30 0.192 0.12

Table A3. Normalized overhead costs for the different access methods
calculated for three different "average” programs.

The fipures vary depending on which method of taking the average was
used. Especially method 3 shows wvarying figures as the a-cost here
ranges from 4.45 to 1.88. However, the relative order of the different
access methods are the same. This could be expected as their relatiwve
order is the same in almost all the 20 programs. We conclude that the
way averapgegs are formed is not critical when comparing access mecha-

nisms.

The effect of extream programs.

4 reasonable presumption when taking an average is that one diverging
value should not affect the result too much. In table 8 we can see
that the programs 12 and 17 have extremely many accesses. Of 3.85
accesgses per block of the average program, these two programs

represent about half.

To determine the influence these two programs have on the behaviour of
the average program we have made two other averages by deleting these
two programs respectivly inserting them twice. The overhead is pre-
sented both in number of instructions and normalized as before. In
table A5 we present the result of the same stability analysis but with
the use of the alternative method to take the averages.
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F ew registers M any registers

1 1 2 2 3 1Imp 1 1 1Tmp 3TImp

K=3 k=3 K=3

C=3 C=32 C=3 o=2 c=2 c=2 Cc=1 C=1

A=1 A=1 A=1 A=1 A=1 A=1 A=0] A= A= A=1
18 prog.
cost/bl.| 15.17 5.85 7.61 3.73 2.29 4.07 | 11.26 1.94 1.05 0.74
norm. 2.0 1 1.30 0.84 0.3% 0.70 1.92 0.33 0.18 0:13
20 prog.
cost/bl.] 17.23 7.77 9.49 5.6l &.45 5.99 | 11.42 1.96 1.07 O0.89
norm. Lt L | 1.22° 0.72 0.5 0.77 1.47 0.25 0.1l4 0.1Z2
22 prog. v
cost/bl.] 18.88 9.32 11.02 7.14 6.24 7.54 11.53 1.97 1.08 1.02
noTm. 20300 1.18 0,77 0.67 0.81 1.24 0.21 0.12 0.11

Table A4. The influence of two diverging programs on the average program
when averages are taken after normalizing by the mumber of
block creations.

Few reglsters Many registers
1 1 2 s 3 lImp 1 1 1Tmp 3Imp

E=3 E=3 E=3

c=3 (=2 (=3 C=2 C=2 c=2 Cc=1 Cc=1

A=1 A=1 A=1  A=1 A=1 A=l A4=0 =0 A=0 =1
18 prog.
cost/bl.{ 13.92 5.12 7.02 3.14 1.60 3.36 10.67 1-87 0.99 0.80
norm. a2l A 1.37 0.6l 0.31 0.66 2.08 0.37 0.19 0.12
20 prog.
eost/bl.y 14.22 5.36 7.26 3.38 1.88 3.60 } 10.72 1.88 0.99 0.57
NOTm. 2.64 1 1.35 0.63 0.35 0.67 1.99 0.35 0.18 0.11
22 prog.
cost/bl.i{ 14.50 5.66 7.54 3.66 2.20 3.88 [ 10.72 1.88 0.99 0.54
TOT. 2.5 1 1.33 0.85 0.39 0.69 1.89 0.33 0.17 0.10

Table A5. The influence of two diverging programs on the average program
when averages are taken after normalizing by the sum of the
significant svents.

The tables indicate that the first method (normalizing per bleck)} is
moTe sensitive for diverging programs, but there is no dramatic effect.
Normalizing per block makes the tables easier to understand, and still

gives reasonable results.
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Caleulations of the distributions of significant events over lewels.

The average distributiomns over levels of the significant events are
calculated as simple averages of the percental distributions in the
twenty programs. Alsc in this case other possibilities exist but this

one is straigthforward and seems reasonable.

We have also calculated the distributlion obtained when taking the
average of the number of accesses per block at each relativ level. The
distribution differs not very much from the one obtained by the method
explained above, but a Einéle program with many accesses affects the
distribution much more than in the first method.

relative percental per block
level average average

avearge number
of levels 1.16 1.11
to descend

Table A6. Distribution of acecesses to blocks at intermediate levels
for two different methods for calculating the average.

To be able to calculate the cost also in  the improved wversion of
method 1 the distribution of block entries and exits are divided into
sub-distributions with associated figures representing their parts of
one average block creation.

The average number of lewvels construeted in the display on each
geecasion given by the distributions are:

block creation 0.88
block exit 0.86
process switch 0.43

optimized case of method 1

block entry 0.43
block exit 0.43
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APPENDIX B

Calculation of the coefficients in the cost expression.

The figures in table 9 are calculated from the dverage program con-
structed as explained in appendix A.

In section 2 we have found that for method 1 (global wvector), the
display has to be updated at block creation, block exit and for Every
process switch. Since the average number of process switches per block
1s 0.50, we get the total number of display updating rer block:

k= 1+1+0.50 = 2Z.50

The average number of levels of the display that have to be updated is
for bleck ecreations 0.88, for block exits 0.86 and for process
switches 0.43. This gives the c-factor:

c= 1*0.88+1%0.86+0.50%0.43 = 1.96

The pumber of accesses to blocks at intermediate levels, a, is given
aa a simple average of the walues from the twenty programs and is
found in table B.

For method 2 (local vector) the display is constructed once for each
block, giving k=1. The average number of levels to construct is 0.88,
giving c=0.38.

For method 3 (linked list) the a-factor is given by the number of
block accesses of intermediate levels, 3.85, and the average numbar of
levels to descend, 1.16:

a= 3.85%1.16 = 4.45

In the improved version of method 1, sub-block exits do not change the
display vector. This gives a slightly decreased k-factar. Due to other
optimizations the number of levels of the display that have to be
updated of the display at each occasion is decreased to 0.43 for both
block entries and exits. The corresponding value for process switches
is still 0.43.

c= 1*%0.43+0.99%0.434+0.50%0.43 = 1.07

The value of the improved version of method 3 is a simple average of
the number of needed register loadings of block references within a
block in the twenty programs, given by direct measurements in the
tunning programs.
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