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Table XIV. Cycles Saved with Instruction Stream Literals

Cycles spent Cycles spent

referencing referencing
Benchmark data constants addressing constants Totals
Acker —_ 2927961 2927961
Sieve 413532 34461 447993
CFA5 720000 250944 970944
CFA5R 720000 260885 980885
CFA10 876000 404613 1280613
Dhrystone 636 1550 2186

5.5 Three Entered Environments

The 432 provides each context with four addressing spaces: the current context,
and three “entered environments.” (The operation of the enter_environment
instruction was discussed in Sections 3.5 and 5.1.1.) These environments are
used to provide fast access to a “working set” of objects. If there are too few
entered_environments then a working set may not be achieved, and a substantial
performance loss may be incurred in repeated changes of environments.

Because each entered_environment requires a substantial amount of chip
resources, only a few environments can be provided. The 432 provides three, the
minimum reasonable: triadic instructions such as a := b + ¢ can generate
references to three separate objects. The Ada modules containing @, b, and ¢
would have to have been “entered” prior to execution of this addition, of course.

Even with good management of environments, there are addressing require-
ments that make use of more than three environments from a given procedure’s
context. Traversing a linked list of structures, for instance, may require that a
new enter be executed per node of the list.

One would expect this to be a problem for large programming systems, where
many modules exist and call each other in patterns that are not completely
determinable at compile time. Of the benchmarks used here, only Dhrystone
would be speeded up by the availability of additional entered environments. The
other five benchmarks would actually run slower, because the procedure call and
return time is partly a function of the number of environments.

To get a more meaningful measurement of how large Ada programming systems
would use the entered environments we have measured the module connectivity
of three such systems. The first is CMU’s “HG” mail system, developed by
Michael Horowitz and David Nichols, consisting of approximately 33K lines of
Ada source code. The second is the Adix kernel, developed at the University of
California at Santa Barbara under the direction of John Bruno and Laurian
Chirica, consisting of approximately 20K lines of Ada source code. The third is
arelational database program developed at Hughes Aircraft under the Distributed
Software Architecture Project by Paul Rabow and his colleagues, comprising
approximately 5K lines of source code. The Adix kernel and the Hughes programs
were written with the 432 as their intended execution engine.

For each of these three programs, Figure 5 shows the fraction of Ada packages
that reference a particular number of other packages. This graph shows that all
three Ada programs exhibit roughly similar organizations in terms of their
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Fig. 5. Large Ada system module interconnectivity.

intermodule connectivity. Of the three programs, the Mercury Mail System is
believed to be the most reliable, since it is the largest program, and it is the only
one of the three that is in daily use. Figure 5 shows that 38 percent of all Mercury
routines ( functions + procedures) make no routine invocations to other packages,
22 percent call only one other package, 18 percent call two other packages, and
10 percent call three other packages. The remaining 12 percent of all routines
call more than three other packages.

These figures cannot be used to extrapolate the number of modules that could
profit from more than three entered environments. For example, in the best case,
if a sequence of calls to routines in four separate modules were to be invoked and
only one environment were available on-chip, duplicate enters can still be avoided
if the call patternis A, A, A, B, B, B, C, C, C.... The worst case occurs when
more modules are referenced than there are environment slots on-chip. If the
call pattern is A, B, C, D, A, B, C, D ... then a new enter must be performed
upon each new call, independent of the numkber of environments. Thus a module
that calls more than three modules may not benefit from having more than three
environments.®

This analysis seems to indicate that, at least for the programs studied, the
benefits of adding more environments would be slight. Also, the meager improve-
ment might be offset by increased procedure Call/Return time due to the
additional state associated with the extra environments. During a Call,
the environments are cleared for the new context, but Returns must restore the
environment values as they existed just prior to the Call. Thus increasing

¢ Environments may also have to be used to permit access to data residing in other modules. However,
in well modularized code, data shared directly without the benefits of an intervening type manager
are extremely rare.
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the number of environments makes the Return operation slower. Analysis of the
432’s Return microcode shows that 144 clock cycles are required for each
environment that must be restored. If all three environments were in use prior
to the procedure Call, then the Return will execute approximately 430 clock
cycles out of a total of 850 cycles in restoring the environments. If the Return
instruction had to restore 10 environments, the total time to execute the Return
would more than double to 230 uS.

5.6 Caches

Two “addressing” caches were included in the 432: a set of four base/length
registers pointing to the most recently used object tables (the object-table cache),
and a set of five base/length registers pointing to the most recently referenced
data objects (the data-segment cache). A third cache for ADs was considered for
the 432, but not provided due to implementation constraints. This section
explores the effects on performance of the cache sizes (4, 5, and 0, respectively),
cache management, and system usage patterns of the caches.

The address caches (OT and DS) are crucial to throughput. In a conventional
architecture, the ratio of memory access time to cache-hit access time may be
from 2:1 to 5:1 [3]. In the 432, there are no data or instruction caches, and just
to generate an address efficiently assumes a high hit rate in the DS_Cache (and
if that misses, the OT_Cache). Assuming a word access to memory is underway,
a DS_Cache hit will cause the memory transaction to be 12 cycles long, including
waitstates. If the DS_Cache misses, but the OT_Cache hits, then the transaction
takes 89 clock cycles. When both caches miss, the transaction requires 179 clock
cycles. Thus the cache-miss access ratios for the 432 are between 7:1 and 16:1.

5.6.1 The Data Segment Cache. In issuing an operand reference, the 432
microcode tests whether the translated virtual address maps into an object for
which a base/length register pair is available on-chip. If it does, the memory
reference proceeds normally, with the bus delays and memory waitstates de-
scribed elsewhere in this paper. If no match is found, the microprogram raises
an exception and calls the Data_Segment_Cache_Fault handler. This microcode
finds the least recently used entry in the Data Segment (DS) Cache and flushes
that entry. The microcode then “qualifies” the referenced object by testing its
type, length, and rights against the type of access being attempted by the program
and the rights the program has to that object. The flushed base/length registers
are then refilled with the base address and length of the new data object, and the
read/write rights associated with that object are stored on-chip. From that point
the memory reference causing the DS_cache miss is retried. A simplified version
of the 432 address caches are shown in Figure 6.

DS_Cache entries include the base address of the data segment, the length of
the segment, read and write rights, and the “altered” bit. The length is used for
bounds checking every access to the segment. The read/write access rights are
also checked upon every memory access.

DS_Cache miss processing costs 77 clock cycles at 6 waitstates per memory
access (148 clock cycles when the reference is to a refinement). A substantial
fraction of the baseline cycles executed (Table VI) are due to DS_cache miss
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processing, but are not really necessary. This is because execution of enter..
environments causes whatever DS_cache entries were associated with that envi-
ronment to be flushed, and as Section 5.1.1 demonstrated, a large proportion of
all enters executed are redundant.

The DS_Cache entries are flushed when the entered_environment to which
they correspond is altered. This is done because the cache is associatively
searched using a tag composed of the entered_environment number concatenated
with the AD_Selector. Since procedure calls and returns cause changes to all
entered_environments, the DS_Cache is always empty immediately following
any context switch.

Due to the empty DS_Cache, the first reference to a passed parameter within
the called context causes a DS_Cache miss. In serving this miss, the microcode
will discover that the called routine’s AD to the Message object is actually a
refinement and will then proceed to traverse this refinement to get the base and
length of that portion of the Message object to which the called routine is entitled.

By making the Message object a refinement of the calling context, the calling
context saves the DS_Cache miss, which would otherwise be associated with
accessing a separate data object. For the situation where a calling routine invokes
only one procedure (with parameters) this scheme saves 30 cycles.” The economics
of this parameter-passing scheme will be discussed further in Section 5.6.3, since
the addition of a cache which remains intact across procedure calls makes other
options more attractive.

For the benchmarks used in this paper, the DS_Cache is large enough—the
“least-recently-used” management policy is never tested here. However, manag-
ing the DS_Cache is responsible for a large percentage of the clock cycles used
in Dhrystone, due to the large number of calls, returns, and enters executed.

" The difference between the price for traversing a refinement, 148 cycles, and the cost for both the
caller and called routines to each take a DS__Cache miss on their first access to the Message object:
89 + 89 = 178 cycles.
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To find out how well the DS_Cache performs in the 432, the Dhrystone
benchmark log files were analyzed to determine the reason for every DS_Cache
miss that occurred. Six reasons were found:

(1) First Access: A DS_Cache miss occurred because this is the first time that
the object is being referenced.

(2) Local Constants Object: Data needed by the microcode during execution of a
procedure call resided in the Local Constants Object, which was not qualified
at the time.

(3) Message Object Overflow: The parameters to be passed did not fit into the
Message Object, and were placed into a separate Overflow object, which
required separate qualification.

(4) Environment Mismanagement: Poorly placed enter_environments invali-
dated the DS_Cache slot.

(56) Environment Reuse: An environment was reused, invalidating the corre-
sponding DS_Cache entries as a side-effect.

(6) Call Wipe: Upon returning from a procedure call, the environments are
restored but the DS_Cache is empty.

Table XV shows the frequency of occurrence of these six categories. Notice that
overflow of the DS_Cache itself is not one of the reasons for DS_Cache misses
(i.e., the cache is not too small). The cache is large enough because local variables
do not require a DS_Cache entry in order to be accessible; they reside in the
context data part, which is qualified as part of the current context. The distri-
bution of operand localities in Dhrystone is 48.5 percent locals, 7.9 percent
globals, 18.7 percent parameters, 2.1 percent function results, and 22.8 percent
constants [35]. Of these operands, only the globals, parameters, and constants
(approximately half of all operands) require assistance from the DS_Cache to be
made accessible.

By examining the simulator log files from the Dhrystone execution, it is
possible to estimate the DS_Cache hit ratio. The total number of DS_Cache hits
was 403, with 40 misses. Thus the DS_Cache hit ratio is

Fy, = 403/(403 + 40) = 0.9097 (91 percent)

Ackermann’s function shows the DS_Cache scheme at its worst. Acker consists
almost solely of recursive procedure calls and returns, along with some trivial
additions and subtractions and some conditional branching. The cost to pass two
integers in each recursive call is 148 clock cycles, a very high price to pay for
access to the passed parameters. Analysis of this benchmark shows that if local
data registers were available to the 432, and the compiler were adept at using
them for parameter-passing between recursive contexts, Acker would speed up
by over 20 percent due to the lack of DS_Cache misses and faster arithmetic in
the simple operators category.

5.6.2 The Object Table Cache. This paper has concentrated on low-level
compute-bound benchmarks so that the primitive operations of a machine with
a significant object-based overhead can be investigated. For such benchmarks,
however, the size of the Object Table Cache (OT_-Cache) is irrelevant as long as
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Table XV. Reasons for Misses in the DS_Cache

Reason for
DS_cache miss Number and percentage
First access to object 15 (37.5%)
Local constants object 13 (32.5%)
Call wipe 4 (10.0%)
Env. mismanagement 3 (7.5%)
Env. re-cycling 3 (7.5%)
MSG. object overflow 2 (5.0%)

there is at least one slot in the cache. For all of the benchmarks used here,
including Dhrystone, the compiler and linker allocated every application-level
object out of the same object table. As a result, these benchmarks took only one
OT_Cache miss early and hit on all subsequent attempts.

The 432 was designed to support “programming-in-the-large,” so the fact that
these benchmarks only required one object table is not compelling evidence that
the OT_Cache could safely have been made only 1 slot deep. However, both the
Adix and Hughes programs allocated all code segments from one object table as
well, so they do not provide raw data for an investigation of OT cache size. To
test the effect of OT_Cache size, a mathematical model was developed, as
described in [5]. It assumed locality of reference to the object table; i.e., that the
next object referenced had a certain, fairly high probability of being in the same
object table as the previous one. Given the observed number of DS_Cache misses
for the Dhrystone benchmark, the model suggests that there would be little
benefit from increasing the size of the OT_Cache beyond its current 4 entries.

5.6.3 The Hypothetical AD Cache. As the 432 manages the DS_Cache, it is
often loaded with an entry for some data object, then cleared as a side-effect of
some operation, and finally reloaded with the same information. For instance,
when both the calling and called routines must access the same data object (e.g.,
data that are within the scope of both routines, or data for which a pointer was
passed to the called routine) the DS_Cache is first qualified by the caller. A
protected procedure call must ensure that the called routine cannot access any
objects for which it has no AD, so the DS_Cache is cleared during the procedure
call. Consequently, in order to access the data, the called routine must requalify
the data object.

Without violating any of the fundamental principles of object orientation, it is
possible to place a new address cache into this addressing mechanism. This
proposed new cache would fit between the OT_Cache and the DS_Cache, match-
ing on access descriptors in the event of a DS_Cache miss. Matching at the AD
stage provides addressing information that is early enough in the addressing
chain so that a hit would still provide a relatively quick\reference. Most important,
though, the AD_Cache would not be affected by context changes or by the
vagaries of enter_environments. Hence one would expect the usual intercontext
types of data locality to provide a high hit rate in this new cache, significantly
improving overall performance.

The best way to view the operation of this new cache is as a part of the
DS_Cache (this is why these two caches were shown connected in Figure 6.)
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Figure 7 shows a block diagram of this combined cache. The columns in the
cache are used as follows. A single cache entry takes up a horizontal slot in the
diagram. The rights (Read or Write) information goes into the right-most column.
A bit indicating the current validity of the Access Selector in column three is
stored in column two. Column four contains the 24 bits of the AD, and column
five holds a tag that is used to reference the base/length pairs in the DS_Cache.
Column six holds the matching tag value, and columns seven and eight contain
the base/length information for the referenced data object. The “tag” feature is
not strictly necessary. However, without this additional mechanism, separate
base/length information would have to be kept for the cases where multiple ADs
(with different rights, for example) are being used to refer to a single object.
Since the base and length information is the same regardless of the accessing
rights any particular AD has to that object, this feature is expected to (in effect)
make the cache larger.
The following algorithm shows how this combined cache would work:

—first, attempt to match the DS_Cache as usual.
begin
if (Access_Selector matches any AS slot)
and (that slot is valid)
then begin
use slot’s tag to get base and length;
generate operand reference;
end;
else begin —DS_Cache missed. Try AD_Cache.
fetch AD to object being referenced;
if (AD matches any AD slot)
and (AS is not valid)
then begin
fill in slot rights from fetched AD;
fill in AS slot from instruction AS;
set AS slot to valid;
use slot tag to get base and length;
generate operand reference;
end:
else begin —AD_Cache missed too.
do normal OT_Cache processing;
do LRU replacement on DS/AD cache;
generate operand reference;
end;
end;
end

If the AD_Cache is provided, the economics of parameter-passing change
substantially. The two mechanisms under consideration for the 432 were

(1) Parameters are passed as a refinement of the calling context, saving a
DS_Cache miss by the caller, but causing the called routine to traverse this
refinement (148 clock cycles).

(2) Parameters are always placed into a separate object, with both caller and
called objects taking a DS_Cache miss on first access (2 X 89 = 178 clock
cycles).
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With an AD_Cache, it may be more advantageous to place parameters into a
separate object. If a routine calls two or more other routines, and the AD_Cache
is large enough, the initial DS/AD_Cache miss processing by the caller will allow
all called routines to reference these data with a DS_Cache miss but an
AD_Cache hit. The caller will also only experience a DS_Cache miss and
an AD_Cache hit after the return from the first called routine. The next and
subsequent calls will hit the AD_Cache. The total difference in cycles for this
scheme is 89 (caller 0) + 30 (called 1) + 30 (caller 0) + 30 (called 2) = 179 cycles.
Using refinements, this sequence would require 0 (caller 0) + 148 (called 1) + 0
(caller 0) + 148 (called 2) = 296 cycles.

Providing this AD_Cache on a next-generation 432 would require substantial
chip resources. How much would performance be improved by such a cache?
Would using these resources in other ways, such as to enlarge the DS_Cache, be
more advantageous? We have argued that neither the OT_Cache nor the
DS_Cache are too small. The main problem with the DS_Cache is that it rarely
stays loaded for long, since calls, returns, and enters all invalidate it.

What kind of a hit rate could we expect from the AD_Cache? To estimate it,
we will use Dhrystone, but we will have to make some assumptions. Table XV
showed that 32.5 percent of the DS_Cache misses were due to the 432’s lack of
instruction stream literals. If literals were available, these references would never
get to the AD_Cache, because they would not require independent memory
accesses. If literals are not available, then only the first reference to the local
constants object would miss the AD_Cache, and subsequent references to local
constants would hit, driving up the apparent AD_Cache hit rate appreciably.

All DS_Cache misses due to “call wipes” and environment recycling would also
hit the AD_Cache (if literals are unavailable), accounting for 22 out of the
original 40 DS_Cache misses, an AD_Cache hit rate of 0.55. With literals, the
total DS_Cache misses would have been 27, with the AD_Cache hitting on 10, a
hit rate of 0.37.
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The reason that the AD_Cache hit rate is so low is due to the parameter-
passing convention of the 432. As discussed earlier, parameters are placed in a
Message object, which is actually a refinement of the calling context. This saves
a DS_Cache miss on the part of the calling context, but forces the called routines
to traverse the refinement to fetch parameters. If the calling context were to
arrange for an AD to the Message object to be placed into the AD_Cache as part
of the caller’s context-qualification, then the called routine would be able to
access the passed parameters much more readily. Under this assumption (and
assuming instruction-stream literals) the AD_Cache hit rate is 23, or nearly
93 percent.

Estimating the effect of AD_Cache size on the hit rate is difficult for lack of
suitable benchmarks—the same reasons that make analysis of the DS_Cache
and the OT_Cache difficult. Assuming that the 432 had incorporated instruction
stream literals, it appears than an AD_Cache of four entries would allow Dhry-
stone to execute without having to reuse any AD_Cache slots. But this does not
imply that any large Ada program that is represented well by Dhrystone can be
expected to not reuse any AD_Cache slots when only four are available. Intui-
tively, the same locality of reference to data objects that make the DS_Cache hit
rate high (in the absence of call perturbations and enter manipulations) would
apply to the AD_Cache hit rate, except that the AD_Cache would not be cleared
by those perturbations, hence the AD_Cache hit rate should be higher.

Lacking extensive statistics on the DS_Cache, we modeled the effects of the
AD_Cache for DS_Cache hit rates of between 0.7 and 0.95 [5]. For Dhrystone,
an AD_Cache would have given an average operand access time of between 13
and 18 cycles. This compares favorably with the 22-t0-25 cycle averages with an
OT_Cache only.

Several additional architectural changes would have improved 432 perform-
ance: making buses 32 bits wide instead of 16 bits; using a slightly more elaborate
signaling convention on the microinstruction bus between the two halves of the
CPU; updating reclamation information only while garbage collection is in
progress; and caching more than just 16 bits of the top-of-stack on chip. The
individual contributions of these items are detailed in [5]; space constraints
preclude recounting them here.

6. THE SYNTHETIC 432

This paper has analyzed the low-level and large-system uniprocessor performance
of the Intel 432 to prepare for an analysis of its functional migrations. This
section presents that analysis, using a “synthetic” 432, and then extends the
lessons learned to other machines and systems. The synthetic 432 is a hypothet-
ical microprocessor based on the 432 but altered for improved performance as
described in Section 5. These improvements are presented incrementally to
accommodate various assumptions about what sets of changes are reasonable to
the architecture, compiler, and implementation technology.

We begin with those changes that could have been made in a straightforward
manner: items such as compiler shortcomings, lack of immediate data, and the
bit-alignment of the instruction stream. We then show how performance would
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Table XVI. New Baseline Cycles and Percent Improvement over
Original Baseline ’

% Original base Synthetic
Benchmark Cycles saved cycles saved baseline cycles
Acker 8864736 2.2 385785657
Sieve 1130839 14.9 6472647
CFA5 15228248 43.6 19688197
CFAS5R 24207058 39.6 36930835
CFA10 21795608 44.7 27007880
Dhrystone 655452 93.7 44168

have been improved had the implementation technology been incrementally
better (and if those additional resources had been used as assumed here). With
these new performance numbers, comparisons will be made to the baseline 432
and to other processors, so that conclusions about the inherent cost of 432 object
orientation can be drawn.

6.1 The Synthetic Baseline 432

Several of the cycle sinks discussed in Section 5 have a significant impact on
overall performance, yet are unrelated to architectural complexity, functional
migration, or object orientation. As a baseline for further discussion, we will
assume that the 432 had been released with the improvements listed below:

—better enter_environment management (Section 5.1.1)
—Dbetter code optimization by the compiler (Section 5.1.2)

—compiler determination of the appropriate protection mechanism for procedure
calls (protected call vs. branch-and-link, Section 5.1.3)

—use of the fastest parameter-passing mechanism by the compiler (Section 5.1.4)
—a non-bit-aligned instruction stream (Section 5.3)
—provision for literals in the instruction set (Section 5.4)

Table XVI shows the combined cycles saved when the above assumptions are
made. The results are unimpressive for Ackermann’s function since that bench-
mark executes mostly procedure calls and therefore exhibits no speedup with a
better compiler. Because Sieve does no procedure calls and executes mainly
simple instructions and loops, the cycles lost to bit-aligned instruction stream
decoding have a large effect. The CFA benchmarks exhibit a 30-40 percent
reduction in the total number of cycles needed for execution.

The Dhrystone benchmark shows an enormous reduction of nearly 94 percent,
due almost entirely to forcing a single array during a single procedure call to be
passed by reference instead of by value/result. The other cycle-sinks become
significant only when this array is passed more efficiently; they then constitute
approximately 36 percent of the remaining cycles needed to execute Dhrystone.

Since we have asserted here that these changes to the architecture and compiler
should have been incorporated in the 432, and would have required little or no
additional chip resources, we will assume that the data in Table XVI represent
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Table XVII. Relative Contributions of Improvements to Synthetic Baseline Cycles

Benchmark Enters OptCode Pr.Calls Params Align Consts
Acker 0 0 0 0 5936775 2927961
Sieve 0 0 0 0 682846 447993
CFA5 6678000 4044000 1886293 906000 743011 970944
CFA5R 6078000 4560000 1982156 9435000 1171016 980885
CFA10 7641000 3696000 1769987 5716000 1692005 1280613
Dhrystone 8534 457 12403 630584 1288 2186

Table XVIII. Relative Contributions of Improvements over Original Baseline, in Percentages

Benchmark Enters OptCode Pr.Calls Params Align Consts

Acker 0 0 0 0 67 33
Sieve 0 0 0 0 60 40
CFA5 44 27 12 6 5 6
CFA5R 25 19 8 39 5 4
CFA10 35 17 8 26 8 6
Dhrystone 1.2 0.1 1.8 90.0 0.2 0.3

the new baseline benchmark cycles. Additional architectural enhancements and
performance comparisons will be conducted using this table as the reference.

The implications of Table XVI must be clearly understood. This table shows
that from 35-45 percent of the 432’s total benchmark execution cycles are wasted.
These cycles are not spent in pursuit of object orientation; they are not the
inevitable fallout of a complex instruction set; and they do not reflect the alleged
inefficiency of a microcoded processor. We assert that these cycles are consumed
because of suboptimal design decisions or outright errors, and that such errors
could have been committed on any new system design, whether object-based or
not.

The relative contributions of each of the improvements itemized above will be
of interest later, so they are shown individually in Table XVII and (as percent-
ages) in Table X VIII.

Figure 8 graphically depicts the relative contributions of each of the six
categories. This figure is arranged such that the fraction of total wasted cycles
due to each source is shown by the length of the corresponding bar in the bar
chart. For example, Sieve wastes 15 percent of its total baseline cycles (see the
box in the lower right), and of those 15 percent, instruction-set-alignment
“contributes” 70 percent and lack-of-literals is responsible for approximately
30 percent. To make the figure less cluttered, the CFA benchmarks are repre-
sented here by CFA5. Figure 9 shows the relative importance of each cycle
sink by benchmark.

Since every category in Table XVIII and Figure 8 contributes substantially to
the speedup of at least one of the benchmarks, the data suggests that each of
these improvements is significant and should have been incorporated into the
432 originally.
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Fig. 8. Relative contributions of cycle sinks to overall wasted cycles.

6.2 Incrementally Better Technology

The improvements to the 432 system and architecture discussed in the previous
section were mainly rectifications of errors in the 432 design or implementation,
assuming the original implementation technology. In this section we consider the
performance improvements possible if an incrementally better technology
(smaller feature size, for instance) were available for a new instantiation of
the 432 architecture. This situation often occurs in the microprocessor design
industry (e.g., a processor is currently being marketed and sold, with the next
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generation design underway). The Motorola 68000/68020/68030 and the Intel
8086/80286/80386 microprocessors are examples. We consider the following
improvements to the 432.%

—provision for local data registers (Section 5.2)
—expansion of internal and external buses to 32 bits
—expansion of the Top-of-Stack register to 32 bits
—an extra bit on the uInstruction Bus

—an AD_Cache (Section 5.6.3)

—a memory-clearing primitive operation.

Each of these items was discussed in detail in Section 5 except the memory-
clearing primitive. A protected, object-based procedure call must clear memory

8 We are not dealing with clock-rate improvements here. Smaller feature size makes the gates faster
and the capacitance lower, so a faster clock rate becomes possible. However, without making major
changes to the architecture, the clock rate is not one of the parameters that is under the architect’s
direct control. Here we assume that the clock rate is fixed by the basic technology, and that the
design goal is to optimize use of the available resources.
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Table XIX. Cycles Saved with Incrementally Better Implementation Technology
Benchmark Dataregs 32-bit buses 32-bit TOS 17-bit ulnstr AD_Cache Mem Cir

Acker 0 58556312 0 1668603 15845470 54381776
Sieve 3681926 793614 0 14065 0 0
CFA5 5155000 4842412 2516000 55763 2278752 364870
CFA5R 4861000 12218554 3944000 228111 4350745 396490
CFA10 8415000 7418454 595000 93244 4179242 326120
Dhrystone 1905 10242 221 123 6188 5187

before allocating it to a new context. Otherwise, the memory could contain
leftover random data that could masquerade as ADs, permitting the callee to
access random regions of online storage. It would be possible [10] to relegate the
memory-clearing operation to some dedicated hardware, perhaps to a suitably
modified 432 Interface Processor or to the Memory Control Unit. The perform-
ance speedup from shifting this responsibility is the difference in cycles between
the time that the GDP takes to complete this operation vs. the cost of commu-
nicating the size and location of the segments to be cleared to the I/O controller,
plus cycles lost to memory contention thereafter (while the controller performs
the clearing). We assume here that the cost of communication between the GDP
and the I/O controller is 30 cycles (two I/O writes), and that only minimal
interference occurs.”® Given these assumptions, the procedure call would be
speeded up by approximately 31 percent.

Table XIX shows the cycles that could be saved over the original baseline
numbers if these improvements were incorporated. This table can be used to
compare the relative cycle contributions of the “errors” discussed in the previous
section to the contributions of the architectural changes discussed here.
Figure 10 depicts these contributions graphically. Figure 11 shows how the
contributions change with each benchmark. Table XX shows the overall improve-
ment broken down by percentages, and Table XXI shows the percent speedup
over the original baseline numbers.

Some care must be taken here in using the cycle savings reported in Section 5
for these improvements. In analyzing the benchmark log files, categories for cycle
use were strictly segregated, but some interaction is unavoidable. For example
the cycles saved by adding local registers are not eligible to be speeded up due to
wider buses. If instruction stream literals were available, then better enter_
environment management does not save quite as many cycles as it would other-
wise (since the first memory reference of an enter is to a Constants object). To
avoid errors due to double-counting, each category’s total in Table XIX has been
adjusted as appropriate (this is why they do not match the totals shown in
Section 5).

Table XXII shows the additional performance improvement over the syn-
thetic baseline due to the architecture and implementation changes listed
above. It indicates that the combined effect of all changes made to the archi-
tecture, compiler, and implementation technology was uniform across the

9 This seems reasonable because the 432 procedure call is not heavily memory-intensive except for
the memory-clearing sequence.
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Fig. 10. Relative contributions of incremental technology improvements.

“compute-bound” benchmarks such as CFA5, CFA5R, and CFA10 in spite of the
different ways these benchmarks stress the machine. This table also shows that
the performance of the Sieve benchmark has been increased to the point where
it is now competitive with other machines such as the Motorola 68000 and the
Intel 8086 (compare the real time in Table XXII to the original Berkeley
measurement for the other machines, listed in Table IV). The 432 architects
have long asserted that, for such benchmarks, the 432 should exhibit no major
performance liabilities once the object-based operations such as DS_Cache
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Table XX. Cycles Saved with Incrementally Better Implementation Technology by Percentage
Benchmark Dataregs 32-bit buses 32-bit TOS 17-bit uInstr AD_Cache Mem Clr

Acker 0 45 0 1 12 42
Sieve 82 18 0 0 0 0
CFA5 34 32 17 0 15 2
CFASR 19 47 15 1 17 1
CFA10 40 35 3 0 20 2
Dhrystone 8 43 1 1 26 22

management, context creation, and enter_environments have been done. This
result is the first direct evidence for that claim.

We can relate these results to other machines by comparing the 432’s Dhry-
stone real-time to the VAX and current microprocessors. Weicker’s report of
some preliminary measurements on contemporary processors [36] can be sum-
marized as follows. The VAX 11/780 runs the Dhrystone in 540-1,800 micro-
seconds, depending on operating system (VMS or UNIX), language (C or Pascal),
and compiler switches selected (optimizing or not, checking enabled or disabled).
The ELXSI superminicomputer requires 110-135 microseconds, and other
superminicomputers are in the 200-500 microsecond range. Recent 16-bit
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Table XXI. New Benchmark Cycles and Percent
Improvement over Original Baseline

% Original base Improved
Benchmark Cycles saved cycles saved techn. cycles

Acker 130452160 33 264021113
Sieve 4489605 59 4489605
CFA5 15212797 44 19692875
CFA5R 25998902 43 25983605
CFA10 21027060 43 27769185
Dhrystone 23866 35 45150

Table XXII. Total Synthetic Baseline Cycles, Percent
Improvement over Original Baseline, and Real-Time
in Milliseconds

Final % Original base  Real time
Benchmark  total cycles cycles saved in mS
Acker 257319033 35 32165
Sieve 2653785 65 332
CFA5 11025390 68 1378
CFA5R 21050576 66 2631
CFA10 15394492 68 1924
Dhrystone 28709 58 3.59

microprocessors (Intel 80286, Motorola 68000) require from 1,000-1,500 micro-
seconds, with 8-bit microprocessors (Intel 8088) taking 2,400-9,600 microseconds,
again depending on operating system, language, compiler switches, memory
speeds, and clock frequency.

As a rough approximation, these results imply that the synthetic and
technology-improved 432 is approximately 3-4 times slower than the newer 16-
bit microprocessors. The synthetic/improved 432 is faster than (or at least
competitive with) some other reported microprocessor results, such as the 5.2
millisecond time of the Osborne machine under TurboPascal, or the 4.8 milli-
seconds reported for the IBM PC running Pascal. Keep in mind that the 432 was
programmed in Ada while all other machines in this comparison were pro-
grammed in C or Pascal. The 432 result includes the code optimization, addition
of local registers, wider buses, call-by-reference parameter-passing where appro-
priate, and all of the other changes discussed above. Consequently the 432 speeds
are indicative of the best performance to which the 432 could have aspired
originally. Allowing for differences in implementation technology between the
432 and the 16-bit microprocessors, we estimate that the synthetic 432 would
still have taken between two and three times as long as other microprocessors to
run the Dhrystone benchmark. This will be our estimate for the inherent cost of
the 432’s style of object orientation.

Note that this performance ratio must be used with care. This is a rough
estimate, since it is essentially comparing apples and oranges (but that is what
is called for in estimating the overhead of object orientation vs. conventional
systems). This data point does not prove that all object-based systems can only
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hope to run within a factor of two or three of conventional systems. The 432
represents a specific point in the design/implementation space, incorporating a
certain set of design decisions. What we have shown here implies that a designer
who builds in an equivalent set of decisions about object orientation into a new
machine will incur an overhead in performance that is similar. By approaching
object orientation in a different way, but still without discarding the flexibility
of capability-based protection, even greater improvements should be possible.
For example we have argued elsewhere [10] that more radical changes to the
432’s procedure-call mechanism could bring it up to a speed that compares
favorably, by most measures, to that of the VAX or MC68010.

7. CONCLUSIONS

The 432 was unique among microprocessors in the degree to which it incorporated
architectural innovations. Perhaps due to the initial barrage of publicity and the
consequent high expectations, the disappointing reality of the 432’s performance
made it the favorite target for whatever point a researcher wanted to make [14,
16, 29, 33]. Through a detailed case study, this paper has shown that many of
the RISC criticisms of the CISC design style find apt targets in the Intel 432.
However, we have also argued that, in several cases, published RISC work does
not indicate what the 432 should have done.

This paper has shown that the 432 loses some 25-35 percent of its potential
throughput due to the poor quality of code emitted by its Ada compiler. Another
5-10 percent is lost to implementation inefficiencies such as the 432’s lack of
instruction stream literals and its instruction stream bit-alighment. These losses
are substantial, and essentially unrelated to instruction set complexity or object
orientation. As such they constitute a stark warning to all computer architects
about the magnitude of losses that can appear in any implementation unless
close control over every aspect of the design is maintained.

Having established what the 432 should have done differently, we proceeded
to investigate what it could have done had its implementation technology been
incrementally better. We found that a combination of plausible modifications to
the 432, such as wider buses and provision for local data registers, increased
performance by another 35-45 percent.

This left the 432 executing the benchmark programs used throughout this
paper from one to four times slower than conventional processors (where “one
times slower” means approximately equal in performance). We called this ratio
the inherent cost of the 432’s style of object orientation, but cautioned that other
approaches to object-based architecture are possible.

There is no doubt that as a commercial venture whose purpose was to earn
profits for its manufacturer, the 432 failed completely. But it is more enlightening
to view it as a research effort that happened to be funded by an IC manufacturer.
The 432 probably tried to do too many new things all at once (while getting a
few old things wrong along the way) to succeed commercially. The market it was
targeted for, high reliability/high availability/large software-systems develop-
ment, may still not be large enough or defined well enough to economically
support the introduction of special systems.
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As a research effort the 432 was a remarkable success. It proved that many

independent concepts such as flow-of-control, program modularization, storage
hierarchies, virtual memory, message-passing, and process/processor scheduling
could all be subsumed under a unified set of ideas. These concepts have attracted
wide interest, but interest has lately been dulled somewhat by a fear that the
432’s experience strikes at the viability of the concepts. It is to be hoped that
interest can be rejuvenated by our demonstration that the 432’s performance has
been dominated, in large part, by artifacts and not by concepts.
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