CHAPTER THREE

Operands

Since the appearance of the early architecturesy ici@anges have
been made to improve computer performance. In gériewever, the
basic architecture remains. This chapter addreéesasprovements
made to computer architecture with respect to asiing modes and
how they affect the performance of the processor.

3.1 Addressing Modes

Now that we have an idea of the general operatidheoearly
stored program machines, let us see how they cangreved first by
addressing the kinds of data or operands thatsruction might need.

The instruction set of the Princeton IAS machinedugt most a
single operand pointing to a datum stored in memieoy example,
there were eight commands that used the add cydvikeither load,
add, or subtract the value, absolute value, orte€gabsolute value of a
value from memory. (The load commands used thecadditry by
first clearing the accumulator, then performingaald.) For all of these
instructions, there is only one data source thatoeaadded to the
accumulator, i.e., a value that comes from an asdrememory.

This makes some basic operations inefficient ifdifftcult. For
example, adding a constant to the accumulator ubm¢AS machine
involved initializing the constant in memory befoumtime, then
referencing that memory location during executmigyét the constant.

A simpler method would be to create a new opcodtttkated the
instruction's operand as a constant rather thaaraaory address. If the
original IAS machine instruction format was maingd, this would
limit constants to 12-bits, but it would simplifiye program by
removing the need for a region of memory to berkegkfor constants.
In addition, instruction execution would be fadtecause only the
instruction would need to be read from memory. €would no longer
be a need for a second memory read for the constant

Allowing for instructions that use constants instefdaddresses
would force the instruction set designer to resed@itional machine
codes for these new operations. For example, eauated to allow for
a constant operand to be added, subtracted, medtjmr divided with
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the accumulator, then four additional machine cclaes would need
to be reserved for these instructions.

The IAS machine's computational instructions alsgplied" a
second data source, i.e., the accumulator. Sircentithine had only
one accumulator, every computational operationrassithe
accumulator was the second data soaratthe result destination.

Accumulators are vital. They allow intermediateues to remain in
the computational unit instead of being stored enmary thereby
requiring additional memory operations. For examptenputing the
expressiorA x (B + C) requires two steps: add B and C, then multiply
by A. The intermediate resu(B + C), must be stored somewhere. If
that somewhere is memory, an additional store ojpe@raenust occur.
An accumulator can hold the intermediate resulil arfinal value has
been computedA x (B + C) would then become, "load B to
accumulator, add C to accumulator, and multiply ikhvaccumulator."

What if, however, there were two or more accumusiddditional
accumulators would require the instruction not dolydentify the
operation, but also the accumulator(s) on whicbperate. In fact,
there may be additional operations that use mane téime accumulator,
e.g., adding two accumulators together or usingaeaumulators as a
single "double-wide" operand. Just like addingdp&on of using a
constant as an operand, additional accumulatorsdweqguire
additional machine codes to be reserved. If this agplied only to
computational instructions such as add, subtragliiply, and divide,
the addition of a second accumulator would addrerdbur opcodes
to our instruction set.

The use of constants or multiple accumulators alag/to program
more efficiently, but it does not present more pangming options
over the basic von Neumann architecture. Greatggramming
flexibility can be found through the use of poister

A pointer is a data element that is not a comparali value, rather
it points to a value in memory by storing the vadiesdress. This
address could be used to reference and step theostgimg or array in
memory or it could be used to allow a single sectibcode to operate
on any memory location by simply changing the vaifia pointer.

There are two places where pointers can be starsgecial register
or a memory location. If a special register is yskd register must be
the same size as a memory address. The IAS maab@aetwo pointer
registers: MAR and PC. The functions of these tagisters were
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fixed, however, so the programmer could not takeathge of them as
general purpose pointers.

Assume we create a 10-bit register cattegimory pointeor MP. A
special "load pointer" instruction would be reqgditaat would
initialize the pointer. Additional instructions ddithen be included to
use MP as an operand source.

For example, let's assume a programmer neededt®mangection of
code to count the number of times a certain vajyeared in an array.
To begin with, MP could be loaded with the startatgiress of the
array to be searched. The accumulator could théodaed with the
value from memory that is pointed to by MP, compaséth the search
value, and if it is equal, increment and store @anter. To go to the next
element of the array, MP would be incremented. i 8besn't yet point
to the end of the array, the accumulator couldlbdéd with the next
value in order to do the compare again.

This type of search could have been done withAlgerhachine in
its original form, but it would not have been efigt. Two instructions
were included in the original IAS description tdbwed for self-
modification of the code. Remember that each meromation held a
40-bit value or two 20-bit instructions. The lagbtopcodes of Table
2-4 were used to replace the address portion ofsruction with the
ten least significant bits of the accumulator. ©hthe opcodes was
used for the left instruction while the other maatifthe right
instruction. Using these opcodes, the addresseabiot by the
instruction could be modified by directly modifyitige instruction.

As with the other addressing modes, adding a poratgster such
as MP requires additional opcodes to modify anditugdnese opcodes
would include instructions to load and store trhggster, increment and
decrement it, and possibly add to or subtract fitoffiherefore, we
would have to add up to six instructions to outringion set for the
processor to access the pointer register, not taiorethe instructions
required to use it as a data source.

A pointer can also be stored in memory rather thanspecial
processor register. This would allow the numbgrmhters used by a
program to be limited only by the size of memotwabuld also make
any existing memory-based opcodes available tpov@ers. There is
a problem with this beyond increasing the sizehefihstruction set.
Using memory to contain a pointer adds at leastno@eory access to



46 Applied Computer Architecture

any pointer-based instruction: read instructiomfrmemory, read
pointer from memory, and use pointer to read data fmemory.

Single-dimensional arrays and strings are easydcess using
pointers. When it comes to a complex data struatangaining
multiple data types arranged at different offsetgnfa base address, it
may be necessary to once again increase our atdyespabilities.

Data structures bring about the need for an additiomethod for
addressing calledffset addressing. Offset addressing requires two
components: a base address and an offset. Thafdmess points to
the beginning of a complex data structure whiledfiget identifies the
number of memory locations away from the base addnnere the
data of interest is located. Typically, the basdrasis is contained in
one of the processor's general purpose pointestezgi The offset
could be a constant that is included as part ofrtsieuction's operand.
For example, if our MP register contained the lmtdress 0x1000 and
the offset as defined by an instruction's operaatevdx1a, then the
physical address that the instruction would ged#ta from would be
0x1000 + Oxl1la = 0x101la.

This method can be expanded to use a third compgoa@imdex, to
calculate an operand's address. In this case Wuarkel be three address
components - a base address to be added to anvabtlexwhich is
then added to an offset. There are also multipteog for the source
of the offset. The offset may be a constant operiamaay be in a
register, or it may be indirectly referenced usangpinter. Once again,
the more addressing modes that a processor altbevsnore flexible
the instruction set is. This comes at the costmbae complex the
instruction set.

A common use for general purpose pointers is togg® an array or
string by stepping through its memory addresseterAine address has
been processed, the pointer is either incrementdéaemented to the
next array or string element. Many processors bohelopcodes that first
use the general purpose pointer, then automaticedhgment or
decrement it after the instruction has been coraglerhis is called
auto-indexing. Some processors use a configurédded determine
whether a pointer is automatically incrementedenrdmented at the
completion of the operation.

One common form of auto-indexing is the programnteuor PC.
This special purpose pointer points to the nextuicsion to execute
and is automatically incremented to the next irtdtom once the
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current instruction has been fetched. There areestawses where PC is
modified by code, specifically during a branchump instruction. An
unconditional jump typically loads the PC with amealue, i.e., the
address to be jumped to. In some cases, howesgmned offset is
added to PC allowing for both forward and backwandps in code.
This is called relative addressing.

In general, a processor's addressing capabilitiest allow access to
the entire memory range while still allowing foroaigh flexibility to
handle multiple programming needs. It must be wefined enough
that the address can be fixed at assemble timeropated during run
time. The following is a summary of the types addneg modes that
might be available in a processor's instruction set

* Implied addressing: No address is used. For example, commands
halting the processor or forcing an interrupt douse data.

* Immediate addressing: The instruction's operand is the data, i.e.,
the data is contained within the instruction. Twauld be how
constants are handled. The data is fixed at assetiniu.

* Register addressing: The instruction refers to a processor register
where it will find the required data. Register sélen is fixed at
assemble time.

» Direct addressing: The operand field of the instruction is an
address. Address is fixed at assemble time, butdhe at that
address can change during program execution.

* Register indirect addressing: The instruction refers to a processor
register where it will find the address in memotyene the required
data is stored. Register selection is fixed atrabsetime, but the
address within the register is set at run time.

» Indirect addressing: The operand field of the instruction specifies
an address which contains the address of the Haiarequires two
memory accesses: the first to fetch the pointerthagdecond to
fetch the operand.

* Indexed addressing: The instruction has two operand references: a
reference to a processor register where it witl finbase address in
memory and a second reference, either a constant@cond
register, with the offset from the base addressravtiee required
data will be found. This addressing mode may aésodmbined
with auto-indexing. Register selection is fixecaasemble time.
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» Base+ indirect offset addressing: The instruction has two operand
references both of which are addresses. The fiditeas points to
the base address and the second address poimtsnigiract
reference to the offset from the base addressatdileesses
containing the base address and the offset addressed at
assemble time. The addresses they contain aré regt @me.

« Base+ offset + indirect offset addressing: This is a combination of
indexed and base + indirect offset addressing whette an indirect
offset and a constant or register value is add¢ledase address.

* Relative addressing: The operand field of the instruction contains a
signed offset to be added to the program countes dffset is set
at assemble time.

» Stack addressing: Much like PC, the stack pointer (SP) has unique
addressing requirements. The execution of a puplernstruction
performs an auto-index of SP. Depending on theqasar there are
four possible cases for stack addressing. The staicker may be
auto-incremented or auto-decremented either befoadter
execution of the push or pop.

3.2 Number of Operands in an Instruction

Now that we understand instruction data sourcegperands, we
should turn our attention to how they are used. tJpeal instruction
combines two data sources in order to generatedardsult. For
example, an add instruction might look like= B + C. In the case of
the IAS machine, one of the data sources for tloeoperation is
pointed to by the 10-bit memory address containdtie last ten bits of
the instruction while the other data source isabeumulator. For the
von Neumann architecture, the accumulator is indploait for some
processors, both of the data sources might beifeehéxplicitly. If
this is the case, the instruction format must afomwmultiple data
sources to be named.

With the IAS machine, the destination of the resutilso implied -
it is always the accumulator. This is not the cagh all processors.
Some processors allow the instruction to also §p#oe destination of
the result.

Assume that we need perform the operafionB + C whereA, B,
andC all refer to memory addresses. Depending on thdadle
instruction formats, this simple operation coulketane of four
possible forms.
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At the far end of the spectrum is tB@ddressinstruction. This is
the most complex instruction format allowing a $igistruction to
represent all three data addresses: the two dateesoand the result
destination. In this case, the code needed taeal= B + C would
consist of a single instruction:

ADD A B, C

Processors utilizing the 3-address instructiomgtrtreat memory
as a large set of registers. Typically this isaegired since memory
accesses are one of the main bottlenecks of pracpegormance. In
addition, the ability to refer to three addresséh & single instruction
tends to increase the instruction set's compleXitys format, however,
does allow for a cleaner translation between heyell programming
languages and the assembly language code thata®dli

It is possible to add fmurth address to the 3-address instruction, but
this occurs in only rare, special cases. The foadiiress is typically
used for program flow-control. In other words, thécome of the
operation might force a branch to the address Bpédy the fourth
operand in the instruction.

The next type of instruction is ti&eaddressinstruction. In this
case, one of the operands plays the part of bd#taasource and the
result destination. This format mimics the C-stytenbined
assignment operators, e.4.;+= B.

This adds a step to the assembly language realizatiour addition
example by forcing us to load A with B before adpito it. This
instruction format is far more common than the 8rads instruction,
but since A is now written to twice, we've also ed@n additional
memory write.

COPY A'B
ADD A C

The IAS machine utilizes Baddressinstruction. To do this, one of
the operands must be implied, specifically the thia¢ acts both as a
data source and as the result destination. Theitunoperates aAcc
= Acc + BwhereAccrepresents a processor accumulator. It is for this
reason that 1-address instructions are typicafried to as
accumulator-based operations.
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Going to a 1-address instruction makes our codderhore
complicated. The sample code below assumes thartlocessor has a
single accumulator. The load instruction loadslaez&rom a specified
memory address into the accumulator and the steteuction stores
the accumulator to a specified memory address.

LOAD B
ADD C
STORE A

Last of all, there aré-address instruction machines, typically
referred to astack machines. In place of registers, these machines use
the stack. Push instructions are used to popuiatstack with data. To
execute an instruction, the top one or two valuegapped from the
stack, are operated on, and the result is pushadtbdhe stack.

To perform the simple addition, the two numbersnd C, are
placed on the top of the stack. Once they are estidick, a 0-address
"add" is performed which removes the numbers froenstack, adds
them together, then places the result back ontstdek. A final pop
can be used to store the result to memory.

PUSH B
PUSH C
ADD
POP A

Before the advent of the parenthesis key on calatdamost
calculators could only perform a single operatiebw®en a number
stored in the accumulator and a new number entard¢lde keypad. To
get around this limitation, Hewlett-Packard begaccgssfully
marketing calculators during the 1960's that usethéhematical
notation referred to as postfix or reverse-Polistation (RPN). The
notation was named in honor of Jan tukasiewiczgdéhesloper of both
RPN and prefix or Polish notation.

RPN represents expressions by first listing the tywerands, then
identifying the operation. For exampk+ Cin RPN isB C +. More
complex expressions such@s< (B + C) could be represented in this
notation tooD B C + x. For those who are unfamiliar with the
notation, it may seem quite odd, but for the peapldP, it was a
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breakthrough in being able to represent complexaesgons without
the use of parenthesis.

To evaluate an RPN expression, search the stramg left to right
for a substring of the forYf whereX andY are values antlis a
symbol for a two-input operation. Evalua&f and replace the
substring with the result. Repeat this operatioiil yau reach a single
result. If you are unable to reach a single resin the expression was
not in proper RPN format.

What does RPN have to do with 0-address instrusfid@omputers
in general adapt well to RPN. Just take a loolket@ample at the
process of adding two numbers. Load the first nuniie register A,
load the second number into register B, executRin A,B
instruction, i.e., load number, load number, exedunction.

Exercise
Evaluate the RPN expression21—-34 2 + + x

Solution
The steps below represent each time the pax¥fns found and
replaced with a result.

21-342++x 1stpattern: 21 —is replaceth®i—1 =1
1342++x 2nd pattern: 4 2 + is replaced wWith2 = 2

132+x 3rd pattern: 3 2 + is replaced with3 =5
15 x 4th pattern: 1 5 x is replaced with 1 x5 =
5

The evaluated expression is (2 — 1) x (3 + (4 +=2)

The relation between RPN and processors is mosvadwhen
discussing a stack machine. Look at the expredssom the previous
exercise. If we treat each value as a push oparatid each
mathematical operator as a command, we conver 34 2 + + x to
the following sequence of instructions.
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PUSH 2
PUSH 1
SUB
PUSH 3
PUSH 4
PUSH 2
DV
ADD
MULT
POP A

The first two instructions push 2 and 1 onto tleelst The SUB
instruction then subtracts 1 from 2 and puts tlselteof 1 back on the
stack. Now a 1 is on the top of the stack.

The next four instructions push 3, 4, and 2 ongsiack above
stored 1. The top two values are now 2 and 4, swihe DIV
instruction is executed, 4 is divided by 2 andrémsult of 2 is placed
back on the stack. This means that the stack nowacts, in order
from newest to oldest, 2, 3, and 1.

Next, the ADD instruction is executed taking thar2l the 3, adding
them together to get 5, and then placing the @prof the stack. Now
the stack contains 5 and 1.

The MULT instruction multiplies 5 and 1 and puts tiesult of 5
back on the stack. The POP A pulls off the 5 ancestit in memory
location A.

But how do you take a mathematical expression ansgert it to
RPN? Dutch-born computer scientist Edsger Dijkdaaeloped a
process known as the "shunting yard algorithm" Wwiiadkes an infix
(the form of mathematical expressions that mospleeare familiar
with) and converts it to postfix or RPN. The tersiinting yard"
comes from the fact that the process mimics theatioa of a rail yard
where the values, operations, and symbols of aenalical
expression are rearranged in the same manner@asavould be.

To perform the shunting yard algorithm, the mathigrah
expression is treated as a string, each elememiich is routed either
to an output expression or a stack depending dypts(value,
operation, or parenthesis). Once all of the elemehthe expression
have been processed, the final output expressmundcibe in RPN
notation. If there is an error in the format of thathematical
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expression such as mismatched parentheses, tHeatsaibe an error
in the RPN notation.

The term stack is used here to represent a lastatrput (LIFO)
method for keeping track of operators and pareethappearing in the
expression. If a sequence of elements is to bevett from the stack
and sent to the output, they are to be sent oadiate and in the
reverse order from which they were added to theksta

The output is generated by adding the reorderedesies of the
original expression one at a time by appending ttethe right side of
the RPN expression.

Begin by evaluating the expression one elementiatafrom left
to right. Each element will either be a value, geration, or a
parenthesis. A value is sent directly to the outpueft parenthesis is
added directly to the stack. A right parenthesiptees the stack to the
output in reverse order until a matching left pénesis is found. No
parenthesis is sent to the output.

Now comes the tricky part: handling operators. Waemperator is
encountered, the top element of the stack is exainifihe element at
the top of the stack will fall into one of threaegories: it will be a left
parenthesis, it will have a lower precedence thamew operator, or it
will have a greater or equal precedence than tiveaperator.

If the top element of the stack is a left parenthdben add the new
operator to the top of the stack. If the new omerhaas a higher
precedence than the top element on the stackhadaketv operator to
the top of the stack. If the top element of thelsia an operator with
higher precedence than the new operator, then etingtstack to the
output in reverse order until a parenthesis or fquwvecedence operator
IS encountered. At that point, add the new opetattine stack.

Figure 3-1 presents a flowchart of the shuntingaigm.



54 Applied Computer Architecture

Start

Is new

element an
operator?

Is stack's
top element an
operator?

Yes

Is new
element
a'('?

element of higher
precedence than
top element of

Add new
element to
stack

Is new
element
a')”?

Remove top
element of stack
and send to output

Output elements |

Yes

from stack until
matching
'(*is found

Is new
element a
value?

Yes

Add new
element to
Halt: Element output
; I Does
not recognized expression

contain more
elements?

Yes

Output remaining
elements from stack
until stack is empty

End
Figure3-1 Shunting Yard Algorithm Flowchart



Exercise
Convert the expression 3x(4 — 2) — 8+(7 — 5) + BRN.

Solution
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The table below has four columns. The first coluepresents
the element-by-element sequence of the originahemastical
expression. The second column represents the twtadr of the
LIFO stack where operators and parentheses araihgldheeded at
the output. In this column, the element last adajgokars on the
right side. The third column represents the curstaiie of the
outputted RPN sequence. The fourth column represetrunning
commentary" of how each element is handled.

Element Stack Output Comments
3 3 Values go straight to output
X X 3 Higher priority operators go to stack
( X( 3 '(' goes straight to stack
4 X( 34 Values go straight to output
- x(— 34 '("is not an operator, — goes to stack
2 X(— 342 Values go straight to output
) X 342— The ")' empties the stack up T6(1
- — 342—x — is lower than x, x is outputted
8 — 342—x8 Values go straight to output
= —+ 342—x8 + is higher than —, + goes to stack
( —( 342—x8 '(* goes straight to stack
7 —=+( 342—x87 Values go straight to output
- —+(— 342—x87 '("is not an operator, — goesdokst
5 —+(— 342-x875 Values go straight to output
) — 342—x875— The ") empties the stack up°ttf'1
+ —+ 342—x875—+— + is lower than +, + is outputted
+ is not greater than —, — is outputted
8 —+ 342—x875—+-8  Values go straight to output

342—x875—+—8+ Empty stack to output

Therefore, the RPN expression for 3x(4 —2) — 8<6j + 8 is
942—x875—+8+—.

Let's see if the previous example generates the sasullt as the
mathematical expression. First, compute the redutie expression.
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3x(4—2)—8+(7—5)+8= 3x2 - 82 + 8
=6-4+8
= 10

Next, using the process of successively generat@gesults from
the eaclXYfpattern, compute the result of 342—x875—+—8+.

342—-x875—+-8+
32%x 82+-8+
64-8+
28+
10

An expression like this, albeit using variablegeasl of constants,
can be evaluated using a 0-address instruction set.

3.3 More on Data

In addition to the number of operands, the sizeidth of an
operand can vary from instruction to instructidnslassumed that the
reader has experience with different data formats ss integers, long
integers, floating-point, and so on. Suffice to aathis point that
different data types require different numbersitd. i he width of the
memory data bus, however, remains constant thdosbiyng any
operand consisting of more bits than are availabla the data bus to
be read or written using multiple accesses to tamary data bus.

This means that any operand that is larger thawitidn of a
memory location will have to be partitioned inte@es in order to be
stored. These pieces, typically referred to as wcack the width of the
memory data bus, and hence, the width of a menoagtibn. This
allows the processor to use sequential memoryitmtato store large
values. For example, if a processor with an 8-aitidus needs to store
the 32-bit value 3A2B48C4, it would need four memory locations:
one each to store 34 2Bs6, 4816, and CAg. When it retrieves the data,
it reads all four values and reconstructs the ohatee of its registers.
The instruction set designer must ensure that ither an which the
words are stored remains consistent for both regalna writing, or the
value will become corrupted.
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Problems occur when the data is transferred betywemessors that
use different orders. Big-endian and little-endia@e terms used to
identify the observed order in which the partitidredements are stored.
Big-endian means that the first element that isestan the sequence in
memory is the most significant word of the origimalue. Little-endian
means that the first word stored is the least Saant word of the
original value. The method selected does not atfexstarting address,
the amount of memory used, or the ordering of itemesdata structure.

The reason for discussing this is to show thatdtifit operands may
require a different number of memory accesses dakpgmon the
operand length. Larger operands would require exhdit memory
accesses and increase the amount of time a procgssws fetching
data. In addition, if an operation can be performedlifferent lengths
of data, a machine code must be reserved for eggdoged length for
each instruction. For example, if a processor @fopm an addition
on an integer and on a long integer, two differaathine codes must
be reserved to explicitly define which additiorbsng used.

A portion of execution time is also taken when ¢fffective address
of an operand must be computed. For example, the baffset +
indirect offset addressing mode requires up to fetahes and two
additions simply to compute the address of the.data

In addition to an operand's length, there are issaes surrounding
an operand's address in memory. Some architeaesgct an
operand's starting address in memory based onzh@fthe operand.
This is referred to adata structure alignment. In general, if an
operand containk bytes, then the address at which that operand is
stored must be a multiple kf If, for example, an operand is two bytes
in length, then the least significant bit of theleeks must be a 0. If an
operand is four bytes in length, then the two |sagtificant bits of the
address must be 0.

There are a couple of reasons for this. First, mogeocessor
architectures are set up to read data as blocgsoaps of words. If an
operand straddles two blocks, then the procesdbneead to perform
two reads to access the operand instead of oneprbiper operation of
caches (discussed later) also depends on block sslting another
reason to restrict the starting address of a dataent.

Second, if data elements are allowed to straddlekis| the circuitry
required to assemble multi-word operands becomes ownplex.
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More complex circuitry tends to operate slower aagislelays or stalls
in the execution of an instruction.

Alignment affects more than just the storage ahgle data
element. Elements within data structures are &quired to be aligned
on the proper byte boundaries. In addition, iosisetimes necessary to
insert meaningless values between multiple operemdsier to obey
the alignment requirements. This may happen evérnima data
structure.

3.4 What's Next?

By using the von Neumann architecture as a fouodathis chapter
presented the special needs of instructions asréiatle to the
addressing of their operands. This backgroundadsssary to begin a
discussion of the execution of an instruction dr&ldesign of an
instruction set.

3.5 Problems
1. Describe some of the basic needs of an instrusets addressing
modes.

2. For each of the following addressing modes, idgmtifiich
components are fixed at assemble time and whicdete¥rmined
at run time.

a) Immediate addressing

b) Register addressing

c) Direct addressing

d) Register indirect addressing

e) Indirect addressing

f) Indexed addressing

g) Base + indirect offset addressing

h) Base + offset + indirect offset addressing
1) Relative addressing

]) Stack addressing

3. For each of the following situations, select thetla@dressing
mode to be used and justify your answer.

a) ldentifying the start of a string argument in adtion call
b) Adding an array of long integers (each long intagsss 4
memory locations)
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c) Maintaining a loop counter
d) Accessing a value within an array of structures

The original IAS machine used a -address ot (Fill in
the blank.)
The -address instruction is typically refen@ds an

accumulator-based operation. (Fill in the blank.)

The -address instruction processor is typicalfigrred to as a
stack machine. (Fill in the blank.)

Convert the following expressions to postfix (RRTd}ation.

a) 5x6x3x%x2

b) 8—(2x3)-(8+2)

c) (A+B)+C—-(DxE)

d AxBxC-A=+B

e) (A+B)x(C+D)x(E+F))+(G+H)

Write the assembly language code to compute eattteatbove
expressions for the 3-, 2-, 1-, and 0-addressuastm set
processors.



60 Applied Computer Architecture



