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Appendix A
Reading Material
Handouts
Summary
1. Introduction to FALSIM
2. Preparing source files for FALSIM
3. Using FALSIM
4, FALCON-A assembly language techniques

FALSIM

1. Introduction to FALSIM:

FALSIM is the name of the software application which consists of the FALCON-A
assempler and the FALCON-A simulator. It runs under Windows XF.

FALCON-A Assembler:

Figure 1 shows a snapshot of the FALCON-A Assembler. This tool loads a
FALCON-A assembly file with a (.asmfa) extension and parses it. It shows the
parse results in an error log, lets the user view the assembled file’s contents in the
file listing and also provides the features of printing the machine code, an
Instruction Table and a Symbol Table to a FALCON-A listing file. It also allows
the user to run the FALCON-A Simulator.

The FALCON-A Assembler has two main modules, the 1st-pass and the 2nd-pass.
The 1st-pass module takes an assembly file with a (.asmfa) extension and
processes the file contents. It then creates a Symbol Table which corresponds to
the storage of all program variables, labels and data values in a data structure at the
implementation level. If the 1st-pass completes successfully a Symbol Table is
produced as an output, which is used by the 2nd-pass module. Failures of the 1st-
pass are handled by the assembler using its exception handling mechanism.
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The 2nd-pass module sequentially processes the .asmfa file to interpret the
instruction opcodes, register opcodes and constants using the symbol table. It then
produces a list file with a .Istfa extension independent of successful or failed pass.
If the pass is successful a binary file with a .binfa extension is produced which
contains the machine code for the program in the assembly file.

FALCON-A Simulator:

Figure 6 shows a snapshot of the FALCON-A Simulator. This tool loads a
FALCON-A bi file witl (.binfa) I nd presents its contents into
different areas of the simulator. It allows the user to execute the program to a
specific point within a time frame or just executes it, line by line. It also allows the
user to view the registers, 1/0 port values and memory contents as the instructions
execute.

FALSIM Features:

The FALCON-A Assembler provides its user with the following features:

Select Assembly File: Labeled as “1” in Figure 1, this feature enables the user to
choose a FALCON-A assembly file and open it for processing by the assembler.

Assembler Options: Labeled as “2” in Figure 1.

Print Symbol Table
This feature if selected writes the Symbol Table (produced after the execution of
the 1st-pass of the assembler) to a FALCON-A list file with an extension of
(.Istfa). The Symbol Table includes data members, data addresses and labels with
their respective values.

Print Instruction Table

This feature if selected writes the Instruction Table to a FALCON-A list file with
an extension of (.Istfa).

List File: Labeled as “3”, in Figure 1, the List File feature gives a detailed insight
of the FALCON-A listing file, which is produced as a result of the execution of the
1st and 2nd-pass. It shows the Program Counter value in hexadecimal and decimal
formats along with the machine code generated for every line of assembly code.
These values are printed when the 2nd-pass is completed.
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Error Log: The Error Log is labeled as “4” in Figure 1. It informs the user about
the errors and their respective details, which occurs in any of the passes of the
assembler.

Search: Search is labeled as “5” in Figure 1 and helps the user to search for a
certain input with the options of searching with “match whole” and “match any”
parts of the string. The search also has the option of checking with/without
considering “case-sensitivity”. It searches the List File area and highlights the
search results using the yellow color. It also indicates the total number of matches
found.

Start Simulator: This feature is labeled as “6” in Figure 1. The FALCON-A
Simulator is run using the FALCON-A Assembler’s Start Simulator option. The
FALCON-A Simulator is invoked by the user from the FALCON-A Assembler. Its
features are detailed as follows:

Load Binary File: The button labeled as “11” in Figure 6, allows the user to choose
and open a FALCON-A binary file with a (.binfa) extension. When a file is being
loaded into the simulator all the register, constants (if any) and memory values are
set.

Registers: The area labeled as “12” in Figure 6. enables, the user to see values
present in different registers before during and after execution.

Instruction: This area is labeled as “13” in Figure 6 and contains the value of PC,
address of an instruction, its representation in Assembly, the Register Transfer
Language, the op-code and the instruction type.

I/0 Ports: /O ports are labeled as “14” in Figure 6. These ports are available for
the user to enter input operation values and visualize output operation values
whenever an 1/O operation takes place in the program. The input value for an input
operation is given by the user before an instruction executes. The output values are
visible in the I/O port area once the instruction has successfully executed.

Memory: The memory is divided into 2 areas and is labeled as “15” in Figure 6, to
facilitate the view of data stored at different memory locations before, during and
after program execution.

Processor’s State: Labeled as “16” in Figure 6, this area shows the current values
of the Instruction register and the Program Counter while the program executes.
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Search: The search option for the FALCON-A simulator is labeled as “17” in
Figure 6. This feature is similar to the way the search feature of the FALCON-A
Assembler works. It offers to highlight the search string which goes as an input,
with the “All “ and “ Part “ option. The results of the search are highlighted in the
color yellow. It also indicates the total number of matches.

The following is a description of the options available on the button panel labeled
as “18” in Figure 6.

Single Step: “Single Step” lets the user execute the program, one instruction at a
time. The next instruction is not executed unless the user does a “single step”
again. By default, the instruction to be executed will be the one next in the
sequence. It changes if the user specifies a different PC value using the Change PC
option (explained below).

Change PC: This option lets the user change the value of PC (Program Counter).
By changing the PC the user can execute the instruction to which the specified PC
points.

Execute: By choosing this button the user is able to execute the instructions with
the options of execution with/without breakpoint insertion (refer to Fig. 5). In case
of breakpoint insertion, the user has the option to choose from a list of valid
breakpoint values. It also has the option to set a limit on the time for execution.
This “Max Execution Time” option restricts the program execution to a time frame
specified by the user, and helps the simulator in exception handling.

Change Register: Using the Change Register feature, the user can change the value
present in a particular register.

Change Memory Word: This feature enables the user to change values present at a
particular memory location.

Display Memory: Display Memory shows an updated memory area, after a
particular memory location other than the pre-existing ones is specified by the user.

Change 1/O: Allows the user to give an I/O port value if the instruction to be
executed requires an 1/O operation. Giving in the input in any one of the 1/O ports
areas before instruction execution, indicates that a particular 1/O operation will be a
part of the program and it will have an input from some source. The value given by
the user indicates the input type and source.

Display 1/0: Display 1/0 works in a manner similar to Display Memory. Here the
user specifies the starting index of an 1/O port. This features displays the 1/0O ports
stating from the index specified.
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2. Preparing source files for FALSIM:

In order to use the FALCON-A assembler and simulator, FALSIM, the source file
containing assembly language statements and directives should be prepared
according to the following guidelines:

The source file should contain ASCII text only. Each line should be
terminated by a carriage return. The extension .asmfa should be used with each file
name. After assembly, a list file with the original filename and an extension .Istfa,
and a binary file with an extension .binfa will be generated by FALSIM.

+  Comments are indicated by a semicolon (;) and can be placed anywhere in the
source file. The FALSIM assembler ignores any text after the semicolon.

Names in the source file can be of one of the following types:

_Variables: These are defined using the .equ directive. A value must also be
assigned to variables when they are defined.

Addresses in the “data and pointer area” within the memory: These can be
defined using the .dw or the .sw directive. The difference between these two
directives is that when .dw is used, it is not possible to store any value in the

memory. The integer after .dw identifies the number of memory words to be
reserved starting at the current address. (The directive .db can be used to reserve
bytes in memory.) Using the .sw directive, it is possible to store a constant or the
value of a name in the memory. It is also possible to use pointers with this directive
to specify addresses larger than 127. Data tables and jump tables can also be set up
in the memory using this directive.

Labels: An assembly language statement can have a unique label associated
with it. Two assembly language statements cannot have the same name. Every
label should have a colon (:) after it.

~ Use the .org 0 directive as the first line in the program. Although the use of
this line is optional, its use will make sure that FALSIM will start simulation by

picking up the first instruction stored at address O of the memory. (Address O is
called the reset address of the processor). A jump [first] instruction can be placed
at address 0, so that control is transferred to the first executable statement of the
main program. Thus, the label first serves as the identifier of the “entry point” in
the source file. The .org directive can also be used anywhere in the source file to
force code at a particular address in the memory.

Address 2 in the memory is reserved for the pointer to the Interrupt Service
Routine (ISR). The .sw directive can be used to store the address of the first
instruction in the ISR at this location.
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Address 4 to 125 can be used for addresses of data and pointerst. However,
the main program must start at address 126 or less?, otherwise FALSIM will
generate an error at the jump [first] instruction.

The main program should be followed by any subprograms or procedures.
Each procedure should be terminated with a ret instruction. The ISR, if any, should
be placed after the procedures and should be terminated with the iret instruction.

The last line in the source file should be the .end directive.

~ The .equ directive can be used anywhere in the source file to assign values to
variables.

It is the responsibility of the programmer to make sure that code does not
overwrite data when the assembly process is performed, or vice versa. As an
example, this can happen if care is not exercised during the use of the .org directive

in the source file.

3. Using FALSIM:

To start FALSIM (the FALCON-A assembler and simulator), double click on
the FALSIM icon. This will display the assembler window, as shown in the Figure
1.

Select one or both assembler options shown on the top right corner of the
assembler window labeled as “2”. If no option is selected, the symbol table and the
instruction table will not be generated in the list (.Istfa) file.

~ Click on the select assembly file button labeled as “1”. This will open the
dialog box as shown in the Figure 2.

Select the path and file containing the source program that is to be assembled.

Click on the open button. FALSIM will assemble the program and generate
two files with the same filename, but with different extensions. A list file will be
generated with an extension .Istfa, and a binary (executable) file will be generated
with an extension .binfa. FALSIM will also display the list file and any error
messages in two separate panes, as shown in Figure 3.

1 Any address between 4 and 14 can be used in place of the displacement field in load or store
instructions. Recall that the displacement field is just 5 bits in the instruction word.

2 This restriction is because of the face that the immediate operand in the movi instruction must
fit an 8-bit field in the instruction word.
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Double clicking on any error message highlights and displays the
corresponding erroneous line in the program listing window pane for the user. This
Is shown in Figure 4. The highlight feature can also be used to display any text
string, including statements with errors in them. If the assembler reported any
errors in the source file, then these errors should be corrected and the program
should be assembled again before simulation can be done. Additionally, if the
source file had been assembled correctly at an earlier occasion, and a correct binary
(.binfa) file exists, the simulator can be started directly without performing the
assembly process.

_ To start the simulator, click on the start simulation button labeled as “6”. This
will open the dialog box shown in Figure 6.

Select the binary file to be simulated, and click open as shown in Figure 7.

+ This will open the simulation window with the executable program loaded in
it as shown in Figure 8. The details of the different panes in

this window were given in section 1 earlier. Notice that the first instruction at
address 0 is ready for execution. All registers are initialized to 0. The memory
contains the address of the ISR (i.e., 64h which is 100 decimal) at location 2 and

the address of the printer driver at location 4. These two addresses are determined
at assembly time in our case. In a real situation, these addresses will be determined
at execution time by the operating system, and thus the ISR and the printer driver
will be located in the memory by the operating system (called re-locatable code).
Subsequent memory locations contain constants defined in the program.

Click single step button labeled as “19”. FALSIM will execute the jump
[main] instruction at address 0 and the PC will change to 20h (32 decimal), which
Is the address of the first instruction in the main program (i.e., the value of main).

Although in a real situation, there will be many instructions in the main
program, those instructions are not present in the dummy calling program. The first
useful instruction is shown next. It loads the address of the printer driver in r6 from

the pointer area in the memory. The registers r5 and r7 are also set up for passing
the starting address of the print buffer and the number of bytes to be printed. In our
dummy program, we bring these values in to these registers from the data area in
the memory, and then pass these values to the printer driver using these two
registers. Clicking on the single step button twice, executes these two instructions.

The execution of the call instruction simulates the event of a print request by
the user. This transfers control to the printer driver. Thus, when the call r4, r6é
instruction is single stepped, the PC changes to 32h (50 decimal) for executing the

first instruction in the printer driver.
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+ Double click on memory location 000A, which is being used for holding the
PB (printer busy) flag. Enter a 1 and click the change memory button. This will
store a 0001 in this location, indicating that a previous print job is in progress. Now
click single step and note that this value is brought from memory location 000E
into register rl. Clicking single step again will cause the jnz rl, [message]
instruction to execute, and control will transfer to the message routine at address
0046h. The nop instruction is used here as a place holder.

Click again on the single step button. Note that when the ret r4 instruction
executes, the value in r4 (i.e., 28h) is brought into the PC. The blue highlight bar is
placed on the next instruction after the call r4, r6 instruction in the main program.

In case of the dummy calling program, this is the halt instruction.

Double click on the value of the PC labeled as “20”. This will open a dialog
box shown below. Enter a value of the PC (i.e., 26h) corresponding to the call r4,
r6 instruction, so that it can be executed again. A “list” of possible PC values can

also be pulled down using, and 0026h can be selected from there as well.

Change PC

Enter New Yalue for PC [Hex]

{0000 |
OK I Cancel I

Click single step again to enter the printer driver again.

Change memory location 000A to a 0, and then single step the first instruction
in the printer driver. This will bring a 0 in rl, so that when the next jnz rl,
[message] instruction is executed, the branch will not be taken and control will

transfer to the next instruction after this instruction. This is mivi rl, 1 at address
0036h.

Continue single stepping.

Notice that a 1 has been stored in memory location 000A, and rl contains 11h,
which is then transferred to the output port at address 3Ch (60 decimal) when the
out rl, controlp instruction executes. This can be verified by double clicking on the

top left corner of the I/O port pane, and changing the address to 3Ch. Another way
to display the value of an 1/O port is to scroll the I/O window pane to the desired
position.

~_ Continue single stepping till the int instruction and note the changes in
different panes of the simulation window at each step.
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When the int instruction executes, the PC changes to 64h, which is the address
of the first instruction in the ISR. Clicking single step executes this instruction, and
loads the address of temp (i.e., 0010h) which is a temporary memory area for
storing the environment. The five store instructions in the ISR save the CPU
environment (working registers) before the ISR change them.

Single step through the ISR while noting the effects on various registers,
memory locations, and 1/0O ports till the iret instruction executes. This will pass
control back to the printer driver by changing the PC to the address of the jump

[finish] instruction, which is the next instruction after the int instruction.

Double click on the value of the PC. Change it to point to the int instruction
and click single step to execute it again. Continue to single step till the in rl,
statusp instruction is ready for execution.

Change the 1/0 port at address 3Ah (which represents the status port at
address 58) to 80 and then single step the in rl, statusp instruction. The value in rl
should be 0080.

+ Single step twice and notice that control is transferred to the movi r7, FFFF3
instruction, which stores an error code of -1 in r1.

Highiight Todal Malch g

Figure 1

3 The instruction was originally movi r7, -1. Since it was converted to machine language by

the assembler, and then reverse assembled by the simulator, it became movi r7, FFFF. This is
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because the machine code stores the number in 16-bits after sign-extension. The result will be the
same in both cases.

L FALCON-A Assembler

I A bler Options ¢
Select ; ™ Print Instruction Table -
asssmbigElied)| | printSymbol Table || FATL CON

Hex | Dec. I Machine I Line No, l Source Stat it [

Laok in: ID My Documents _:_] & &% Eav

L Example_11-10 9Feb04ISR4FALCONA

A5 M.
File name: ]ExampIeJ 1-10_SFeb04ISR4FALCONA Open
Files of type: IFabon-A Assembly Files (*.asmfa) .LI Cancel
| -Options ———————————————,
| I” Case Sensitive
|
| | Highlight TotalMatch | 0| C MatchWhole C MatchAmy | gaq Simu,am," About " Exit "
[
Figure 2
0000 000D |
RO DigFalconA_7Feb04 X
0000 0000
0000 0000 o 1 Error(s) During Second Pass
gggg gggg See C:\Documents and
P Seftings\javaria\Desktop\Example_11-10_7Feb04ISR4FALCONA Istfa
0000 0000
0000 000D
0002 0002
0004 0004 D027 TS ELIeN B o (1 bl
Error: Line 62: Undefined variable 'r2'

Foptiois————————————
™ Case Sensitive

Highlight | [TotalMatch | 0 | MatchWhole  Match Any

Start Simulatorll About l[ Exit "

Figure 3
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= FALCON-A Assembler

~Assembler Options ——

0054 63 store r1, [PB) ;a1inPB indicates PrintIn Progress
0056 3911 64 movi r1, reset ;use 1 for data xdfer

0058 C493C 65 outr1, controlp

0060 ES06 66 store 15, [Bufp)]

0062  E708 67 store 17, [NOB]

Select [C:iDocuments and : : !‘ f_
5 eg:: File || BEttingsavariaiDeskiopiExample_11-10_7Feh04ISR4FALCONAasH I PrintInstruction Table:‘ =
SERRE A ] | Printsymbol Table || EALCON
Hex | Dec. | Machine | Line No, | Source Statement [l
0050 0000 52 disahle: equs i
0p50 0000 53 3
0050 0000 54 stri_H: .equ 21 ;or15h
0050 0000 55 stri_L: .equ 20 ;or14h
0050 0000 56 3
0050 0000 57 ; check PB flag first, if set,
0050 0000 58 s return with message.
0050 0000 59 3 |4
0050  ES0A 60 Pdriver: load r1, [PB]
0052 9112 61 jnzrl, [message]
2 52 mavi 11, 12

]Z<4

Undefined variable "r2'

Ertor: Line 6

~Optons ——————————————
[™ Case Sensitive

" Match Whole ¢ Match Any

0

|Highlight | Total Match Start Simu,am,"

About

Figure 4

FALCON-A Assembler
o (C:ADacuments and Settingstjavariathty v~Assembler Optlgns [ ?
Assambiy File | DocumentsiExample_11-10_9F eb04ISR4FALCONA asmfa I Print Instruction Table | =
Sl AR | |I” Printsymbol Table | FALCON
Hex [ Dec. I Machine | Line No, | Source Staternent I A
oooo 0000 ooo0o 1 ;filename: Example_11-10.asmfa I \
0ooo 0000 o0oo 2 ;This program sends a single character UZS
0000 0000 000G = e ;
NCTTINY D (sFalconA_7Feb04 X
0000 0000 00O
0000 0000 000
0000 0000 000 ': Following Files are Generated Successfully;
0000 0000 0004 ¢ C:\Documents and Settings'javaria\My
oo I L Docurments\Example_11-10_9Feb04ISRAFALCONA Istfa
0000 0000 000 ) ; T
0000 0000 000 C:\Documents and Settings'javariaiiy
0000 0ooo 000 Documents\ExampIe_l il 10_9FebO4ISR4FALCONA binfa
0000 0000 000
0000 0000  ADZ2
0004 0004 003 ™|
- Options——
™ Case Sensitive
Highlight Total Match | 0 " Match Whole  Match Any | aian Simu,am," Apout J| Exit "

Figure 5
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FALCON-A Simulator

an | Total Match | Highlight | Return To
Binaty File [ [Match I Case Ir Al [C Part Assembler
- Registers - Memory (00h-800h)
Reg#| wvawe | wvawe | wvawe | vawe | ’ ‘Iuemoryl T T [ T T [y ol [ |
- Instruction =
Address | Instruction | | ook | 3 My Documents ~| + B kB>
LExample_11-10 9Feb04ISR4FALCONA
“IprinterDriver
< il 4
) = == [ 2
File name:  [Example_11-10_SFebD4ISRAFALCONA Open
1O Ports (00h-FFh) ! [———J
Port#| 0-1 | 2-3| Filesoftype: |Falcon Bin Files [*.binfa) - Cancel
! A
"'i J‘:‘Sta‘e = — | J Chanae Registef JJ Display Memaorny Jl hange Mema “"“-":‘“""'J,l Help J
IR ' 5 II £& I‘ it l‘I | Execute | sinaiestep || Change PC || chanaetiol ||| Bisplaylio |
FALCON-A Simulator A X

/)

o Sy TowiMah  Hghignt | RewmTo
12 Binary Fite Wakch [~ Case 7~ Wl [~ Pan _Assamdbier
r——y 1R (00 S00H) _4/
Rep#| Valve | Vae | value | Valve | vemory N | 61 |
N
& [ Adoress | instuction | Assemby | FIL
~ 15
/‘
< | ||memoy| 0-1 | 2-3 | 4.5 | s-7 |
14 0 Ports (00nFFh)
podo| 0.4 | 3.3 | 4.5 |87 |
§\
et | | I n-_fiﬁ//()
QP, L = B : l :
Figure 7
000A 0000 ADDRO, RO RD  R|0]«R(0) 0050 0009 0000 00063 0000 v
000C 0000 ADD RO, RO, R0 RID| = R(D) < >
000E 0000 ADDRO, RO, R0 R|0]=R{0) ¥
< > Memory|] 0-1 | 2-3 | a-5 | e-7 |
0000 0032 0400
U0 Ports ODH-FFH) 0008 0000 0000
Pots]| 0.1 | 2.3 | 4.5 | 87 || |oot0 0009 0000
0 0000 0000 0000 oBaD 0018 0000 0000
3 0000 0000 0000 0000 0020 EFO8 B4CT
10 0000 0000 0000 0000 \ﬁ:n 0000 0000
¢ 000D 0000 2000 000! 030 9112 290
20 0000 0000 0000 000 1 9 38 CH3C ESOC
wi wa ] rc| - ] | Evecute | Step | Change PC | 1 |
Figure 8
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4. FALCON-A assembly language programming techniques:

If a signed value, x, cannot fit in 5 bits (i.e., it is outside the range -16 to +15),
FALSIM will report an error with a load r1, [x] or a store rl, [x] instruction. To
overcome this problem, use movi r2, x followed by load r1, [r2].

If a signed value, x, cannot fit in 8 bits (i.e., it is outside the range - 128 to
+127), even the previous scheme will not work. FALSIM will report an error with
the movi r2, x instruction. The following instruction sequence should be used to
overcome this limitation of the FALCON-A. First store the 16-bit address in the
memory using the .sw directive. Then use two load instructions as shown below:

Sw x load r2, [a] load r1, [r2]

+ This is essentially a “memory-register-indirect” addressing. It has been made
possible by the .sw directive. The value of a should be less than 15.

A similar technique can be used with immediate ALU instructions for large
values of the immediate data, and with the transfer of control (call and jump)
instructions for large values of the target address.

+Large values (16-bit values) can also be stored in registers using the mul
instruction combined with the addi instruction. The following instructions bring a
201 in register rl.

movi r2, 10

movi r3, 20

mulrl, r2, r3 ; rl contains 200 after this instruction
addirl, rl, 1 ; r1 now contains 201

-2 1M(())ving from one register to another can be done by using the instruction addi
r2, rl, 0.

+  Bit setting and clearing can be done using the logical (and, or, not, etc)
instructions.

Using shift instructions (shiftl, asr, etc.) is faster that mul and div, if the
multiplier or divisor is a power of 2.
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Computer Systems Design and Architecture 11,1.2,13,14,15

Summary
+  Distinction between computer architecture, organization and design
Levels of abstraction in digital design
Introduction to the course topics
Perspectives of different people about computers
General operation of a stored program digital computer
The Fetch-Execute process

Concept of an ISA(Instruction Set Architecture)

Introduction

This course is about Computer Architecture. We start by explaining a few key terms.

The General Purpose Digital Computer

How can we define a ‘computer’? There are several kinds of devices that can be termed
“computers”: from desktop machines to the microcontrollers used in appliances such as a
microwave oven, from the Abacus to the cluster of tiny chips used in parallel processors, etc. For
the purpose of this course, we will use the following definition of a computer:

“An electronic  device, operating
under the control of instructions stored in

its own memory unit, that can accept data
(input), process data arithmetically and
logically, produce output from the
processing, and store the results for
future use. ” [1]

Thus, when we use the term computer, we
actually mean a digital computer. There
are many digital computers, which have
dedicated purposes, for example, a
computer is used in an automobile that
controls the spark timing for the engine. Notion of a System

This means that when we use the term

computer, we actually mean a general-purpose digital computer that can perform a variety of
arithmetic and logic tasks.

Electrical
Systems

Digital |
Systemsg®

General Purpose .
Digital Computers] AN
e Systems

hY

The Computer as a System

Now we examine the notion of a system, and the place of digital computers in the general
universal set of systems. A “system” is a collection of elements, or components, working
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together on one or more inputs to produce one or more desired outputs. There are many types of
systems in the world. Examples include:

. Chemical systems
. Optical systems

etc.

These are all subsets of the general universal set of “systems”. One particular subset of interest is
an “electrical system”. In case of electrical systems, the inputs as well as the outputs are
electrical quantities, namely voltage and current. “Digital systems” are a subset of electrical
systems. The inputs and outputs are digital quantities in this case. General-purpose digital
computers are a subset of digital systems. We will focus on general-purpose digital computers in
this course.

Essential Elements of a General Purpose Digital Computer

The figure shows the block diagram of a

modern general-purpose digital computer. /\A
We observe from the diagram that a general- NN
Questionpyrmpose computer has three  main |
components: a memory subsystem, an input/ Memory [l
|

dr CPU
[ (nP)

output subsystem, and a central processing Subsytem
unit. Programs are stored In the memory, the
execution ot the program Instructions takes
place In the CPU, and the communication

/0
with the external world 1s achieved through Subsystem [
the 1O subsystem  (including the (Perphersty) | ol
peripherals). >

:\ / Address Bus

. . _._tecture MCQCS h e

Now that we wunderstand the term Block Diagram of a Computer System
“computer” in our context, let us focus on

the term architecture. The word architecture, as defined in standard dictionaries, is “the art or
science of building”, or “a method or style of building”.[2]

Computer Architecture
This term was first used in 1964 by Amdahl, Blaauw, and Brooks at IBM [3]. They defined it as

“The structure of a computer that a machine language programmer must understand to write
a correct (time independent) program for that machine.

By architecture, they meant the programmer visible portion of the instruction set. Thus, a family
of machines of the same architecture should be able to run the same software (instructions). This
concept is now so common that it is taken for granted. The x86 architecture is a well-known
example.

The study of computer architecture includes

a study of the structure of a computer
a study of the instruction set of a computer

a study of the process of designing a computer
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Computer Organization versus Computer Architecture Questior

It is difficult to make a sharp distinction between these two. However, architecture refers to the
attributes of a computer that are visible to a programmer, including

I Ne INSTIruction set Jmpwttcmt

The number of bits used to represent various data types
1/U mecnanisms

Memory addressing modes, etc.

On the other hand, organization refers to the operational units of a computer and their
Interconnections that realize the architectural specitications. These include

+  The control signals
+ Interfaces between the computer and its peripherals

+ Memory technology used, etc.

ific instruction or not, while it is
an organizational issue how that instruction will be implemented.

Computer Architect

We can conclude from the discussion above that a computer architect is a person who designs
computers.

Design

Design is defined as

“The process of devising a system, component, or process to meet desired needs. ”

Most people think of design as a “sketch”. This is the usage of the term as a noun. However, the
standard engineering usage of the term, as is quite evident from the above definition, is as a verb,
i.e., “design is a process”. A designer works with a set of stated requirements under a number of
constraints to produce the best solution for a given problem. Best may mean a “cost-effective”
solution, but not always. Additional or alternate requirements, like efficiency, the client or the
designer may impose robustness, etc.. Therefore, design is a decision-making process (often
iterative in nature), in which the basic sciences, mathematical concepts and engineering sciences
are applied to convert a given set of resources optimally to meet a stated objective.

Knowledge base of a computer architect

There are many people in the world who know how to drive a car; these are the “users” of cars
who are familiar with the behavior of a car and how to operate it. In the same way, there are
people who can use computers. There are also a number of people in the world who know how to
repair a car; these are “automobile technicians”. In the same way, we have computer technicians.
However, there are a very few people who know how to design a car; these are “automobile

designers”. In the same way, there are only very few experts in the world who can design
computers. In this course, you will learn how to design computers!

These computer design experts are familiar with

The structure of a computer
The instruction set of a computer

The process of designing a computer as well as few other related things.
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At this point, we need to realize that it is not the job of a single person to design a computer from
scratch. There are a number of levels of computer design. Domain experts of that particular level
carry out the design activity for each level. These levels of abstraction of a digital computer’s
design are explained below.

Questior
Digital Design: Levels of Abstraction jm’Pw‘t‘Wt
Processor-Memory-Switch level (PMS level)

The highest is the processor-memory-switch level. This is the level at which an architect views
the system. It is simply a description of the system components and their interconnections. The
components are specified in the form of a block diagram.

Instruction Set Level

. The emphasis is
on the behavior of the system rather than the hardware structure of the system.
Register Transfer Level

Next to the ISA (instruction set architecture) level i the register transfer level. Hardware
structure is visible at this level. In addition to registers, the basic elements at this level are
multiplexers, decoders, buses, buffers etc.

The above three levels relate to “system design”.

Logic Design Level

The logic design level is also called the gate level. The basic elements at this level are gates and
flip-flops. The behavior is less visible, while the hardware structure predominates.

The above level relates to “logic design”.

circurt Level

The key elements at this level are resistors, transistors, capacitors, diodes etc.
MasK Level

t that implement
the system as an integrated circuit.
The above two levels relate to “circuit design”.
The focus of this course will be the register transfer level and the instruction set level, although
we will also deal with the PMS level and the Logic Design Level.

Objectives of the course

This course will provide the students with an understanding of the various levels of studying
computer architecture, with emphasis on instruction set level and register transfer level. They
will be able to use basic combinational and sequential building blocks to design larger structures
like ALUs (Arithmetic Logic Units), memory subsystems, 1/0O subsystems etc. It will help them
understand the various approaches used to design computer CPUs (Central Processing Units) of
the RISC (Reduced Instruction Set Computers) and the CISC (Complex Instruction Set
Computers) type, as well as the principles of cache memories.

Important topics to be covered

. Review of computer organization

. Classification of computers and their instructions
. Machine characteristics and performance

. Design of a Simple RISC Computer: the SRC

. Advanced topics in processor design

. Input-output (1/0) subsystems

. Arithmetic Logic Unit implementation

. Memory subsystems
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Course Outline Introduction:
Distinction between Computer Architecture, Organization and design
Levels of abstraction in digital design
Introduction to the course topics

Brief review of computer organization:
Perspectives of different people about computers
General operation of a stored program digital computer
The Fetch — Execute process
Concept of an ISA

Foundations of Computer Architecture:
A taxonomy of computers and their instructions
Instruction set features
Addressing Modes

RISC and CISC architectures
Measures of performance

An example processor: The SRC:
Introduction to the ISA and instruction formats
Coding examples and Hand assembly
Using Behavioral RTL to describe the SRC
Implementing Register Transfers using Digital Logic Circuits

ISA: Design and Development
Outline of the thinking process for ISA design
Introduction to the ISA of the FALCON — A
Solved examples for FALCON-A
Learning Aids for the FALCON-A

Other example processors:
FALCON-E
EAGLE and Modified EAGLE
Comparison of the four ISAs

CPU Design:

+ The Design Process
A Uni-Bus implementation for the SRC
Structural RTL for the SRC instructions
Logic Design for the 1-Bus SRC
The Control Unit
The 2-and 3-Bus Processor Designs
The Machine Reset
Machine Exceptions

Term Exam — |

Advanced topics in processor design:
Pipelining
Instruction-Level Parallelism
Microprogramming
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Input-output (1/0):
I/O interface design
Programmed 1/0
Interrupt driven I/O
Direct memory access (DMA) Term Exam — 11
Arithmetic Logic Shift Unit (ALSU) implementation:
Addition, subtraction, multiplication & division for integer unit

Floating point unit

Memory subsystems:
Memory organization and design
Memory hierarchy
Cache memories
Virtual memory
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A brief review of Computer Organization Perceptions of Different People about Computers
There are various perspectives that a computer can take depending on the person viewing it. For
example, the way a child perceives a computer is quite different from how a computer
programmer or a designer views it. There are a number of perceptions of the computer, however,
for the purpose of understanding the machine, generally the following four views are considered.

Questiov

- Il-_ T L) A WY -

A user is the person for whom the machine is designed, and who employs it to perform some
useful work through application software. This useful work may be composing some reports in
word processing software, maintaining credit history in a spreadsheet, or even developing some
application software using high-level languages such as C or Java. The list of “useful work” is
not all-inclusive. Children playing games on a computer may argue that playing games is also
“useful work”, maybe more so than preparing an internal office memo.

At the user’s level, one is only concerned with things like speed of the computer, the storage
capacity available, and the behavior of the peripheral devices. Besides performance, the user is
not involved in the implementation details of the computer, as the internal structure of the
machine is made obscure by the operating system interface.
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Ihe Programmer’s View

By “programmer” We Imply machine or assembly language programmer. 1  machine or the
assembly language programmer 1S responsible for the implementation ot software required to
execute various commands or sequences of commands (programs) on the computer.
Understanding some key terms first will help us better understand this view, the associated tasks,
responsibilities and tools of the trade.

Machine Language

Machine language consists of all the primitive instructions that a computer understands and is
able to execute. These are strings of 1s and 0s.Machine language is the computer’s native
language. Commands in the machine language are expressed as strings of 1s and 0s. It is the
lowest level language of a computer, and requires no further interpretation.

Instruction Set

A collection of all possible machine language commands that a computer can understand and
execute is called its instruction set. Every processor has its own unique instruction set. Therefore,
programs written for one processor will generally not run on another processor. This is quite
unlike programs written in higher-level languages, which may be portable. Assembly/machine
languages are generally unique to the processors on which they are run, because of the
differences in computer architecture. Three ways to list instructions in an instruction set of a
computer:

. by function categories

. by an alphabetic ordering ot mnemonics

. by an ascending order of op-codes

Assembly Language

Since it is extremely tiring as well as error-prone to work with strings of 1s and 0s for writing
entire programs, assembly language is used as a substitute symbolic representation using
“English like” key words called mnemonics. A pure assembly language is a language in which
each statement produces exactly one machine instruction i.e. there is a one-to-one
correspondence between machine instructions and statements in the assembly language.
However, there are a few exceptions to this rule, the

Pentium jump instruction shown in the table below serves as an example.

Example Machine
i i Assembly Mac hine Language Language | Instruction
The table provides us with some assembly A =y peim i

statement and the machine language

equivalents of the Intel x 86 processor EERREN || P U i i
familiesl mov alx, 34h | 1011 1000 00110100 0000 0000 | B83400 | Datatransfer
Alpha is a label, and its value will be |xraxhx |0011000111011000 31D8 | Logi
determined by the position of the jmp [ieeepha |10 1011 111100 EBFC | Control

instruction in the program and the position of
the instruction whose address is alpha. So the second byte in the last instruction can be different
for different programs.

Hence there is a one-to-many correspondence of the assembly to machine language in this
instruction.

Users of Assembly Language
The machine designer

The designer of a new machine needs to be familiar with the instruction sets of other machines in
order to be able to understand the trade-offs implicit in the design of those instruction sets.
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The compiler writer
A compiler is a program that converts programs written in high-level languages to machine
language. It is quite evident that a compiler writer must be familiar with the machine language of
the processor for which the compiler is being designed. This understanding is crucial for the
design of a compiler that produces correct and optimized code.

A complier may not always produce optimal code. Performance goals may force program-
specific optimizations in the assembly language.

Special purpose or embedded processor programmer
Higher-level languages may not be appropriate for programming special purpose or embedded
processors that are now in common use in various appliances. This is because the functionality
required in such applications is highly specialized. In such a case, assembly language
programming is required to implement the required functionality.
Useful tools for assembly language programmers

+ Ine assemnoler:

Programs written in assembly language require translation to the machine language, and an
assembler performs this translation. This conversion process is termed as the assembly process.

The assembly process can be done manually as well, but it is very tedious and error-prone.

An “assembler” that runs on one processor and translates an assembly language program written
for another processor into the machine language of the other processor is called a “cross
assembler”.

I he linker:

When developing large programs, different people working at the same time can develop
separate modules of functionality. These modules can then be ‘linked’ to form a single module
that can be loaded and executed. The modularity of programs, that the linking step in assembly
language makes possible, provides the same convenience as it does in higher-level languages;
namely abstraction and separation of concerns. Once the functionality of a module has been
verified for correctness, it can be re-used in any number of other modules. The programmer can
focus on other parts of the program. This is the so-called “modular” approach, or the “top-down”
approach.

The debugger or monitor:
Assembly language programs are very lengthy and non-intuitive, h nce quite tedious and error-
prone. There is also the disadvantage of the absence of an operating system to handle run-time
errors that can often crash a system, as opposed to the higher-level language programming,
where control is smoothly returned to the operating system. In addition to run-time errors (such
as a divide-by-zero error), there are syntax or logical errors.

”, is a computer program used to aid in detecting these
errors in a program. Commonly, debuggers provide functionality such as

o] The display and altering of the contents of memory, CPU registers and flags

0 Disassembly of machine code (translating the machine code back to assembly
language)

o] Single stepping and breakpoints that allow the examination of the status of the

program and registers at desired points during execution.

While syntax errors and many logical errors can be detected by using debuggers, the best
debugger in the world can catch not every logical error.

The development system
The development system is a complete set of (hardware and software) tools available to the

system developer. It includes
O Assemolers

O LINKEers ana loaders
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Debuggers

ComPiIers
emulators

Hardware-level debuggers

Logic analyzers, etc.

Difference between Higher-Level Languages and Assembly Language Higher-level
languages are generally used to develop application software. These high-level programs are

then converted to assembly language programs using compilers. S it is the task of a compiler
writer to determine the mapping between the high-level-language constructs and assembly
language constructs. Generally, there is a “many-to-many” mapping between high-level
languages and assembly language constructs. This means that a given HLL construct can
generally be represented by many different equivalent assembly language constructs. Alternately,
a given assembly language construct can be represented by many different equivalent HLL
constructs.

High-level languages provide various primitive data types, such as integer, Boolean and a string,
that a programmer can use. Type checking provides for the verification of proper usage of these
data types. It allows the compiler to determine memory requirements for variables and helping in
the detection of bad programming practices.

On the other hand, there is generally no provision for type checking at the machine level, and
hence, no provision for type checking in assembly language. The machine only sees strings of
bits. Instructions interpret the strings as a type, and it is usually limited to signed or unsigned
integers and floating point numbers. A given 32-bit word might be an instruction, an integer, a
floating-point number, or 4 ASCII characters. It is the task of the compiler writer to determine
how high-level language data types will be implemented using the data types available at the
machine level, and how type checking will be implemented.

The Stored Program Concept

This concept is fundamental to all the general-purpose computers today. It states that the
program is stored with data in computer’s memory, and the computer is able to manipulate it as
data. For example, the computer can load the program from disk, move it around in memory, and
store it back to the disk.

Even though all computers have unique machine language instruction sets, the ‘stored program’
concept and the existence of a ‘program counter’ is common to all machines. The sequence of
instructions to perform some useful task is called a program. All of the digital computers (the
general purpose machine defined above) are able to store these sequences of instructions as
stored programs. Relevant data is also stored on the computer’s secondary memory. These stored
programs are treated as data and the computer is able to manipulate them, for example, these can
be loaded into the memory for execution and then saved back onto the storage.

OO cO o

General Operation of a Stored Program Computer

The machine language programs are brought into the memory and then executed instruction by
Instruction. Unless a branch instruction 1s encountered, the program Is executed In sequence. |he
Instruction that 1s to be executed Is fetched from the memory and temporarily stored in a CPU
register, called the Instruction register (IR). The instruction register holds the instruction while it
is decoded and executed by the central processing unit (CPU) of the computer. However, before
loading an instruction into the instruction register for execution, the computer needs to know
which instruction to load. The program counter (PC), also called the instruction pointer in some
texts, is the register that holds the address of the next instruction in memory that is to be
executed.

When the execution of an instruction is completed, the contents of the program counter (which is
the address of the next instruction) are placed on the address bus. The memory places the
instruction on the corresponding address on the data bus. The CPU puts this instruction onto the
IR (instruction register) to decode and execute. While this instruction is decoded, its length in
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bytes is determined, and the PC (program counter) is incremented by the length, so that the PC
will point to the next instruction in the memory.
Note that the RISC

instruction length is fixed in these architectures, and so the program counter is always
incremented by a fixed number. In case of branch instructions, the contents of the PC are

replaced b¥ the address of the next instruction contained in the present branch instruction, and
the current status ot the processor Is stored In a register called the Processor Status Word

(PSW). Another name for the PSW is the flag register -

corresponding to the state of the processor. Examples of status bits include the sign bit, overflow
bit, etc. Examples of control bits include interrupt enable flag, etc. When the execution of this
instruction is completed, the contents of the program counter are placed on the address bus, and
the entire cycle is repeated. This entire process of reading memory, incrementing the PC, and
decoding the instruction is known as the Fetch and Execute principle of the stored program
computer. This is actually an oversimplified situation. In case of the advanced processors of this
age, a lot more is going on than just the simple “fetch and execute” operation, such as pipelining
etc. The details of some of these more involved techniques will be studied later on during the
course.

The Concept of Instruction Set Architecture (ISA)

Now that we have an understanding of some of the relevant key terms, we revert to the assembly
language programmer’s perception of the computer. The programmer’s view is limited to the set
of all the assembly instructions or commands that can the particular computer at hand execute
understood/, in addition to the resources that these instructions may help manage. These
resources include the memory space and the entire programmer accessible registers. Note that we
use the term ‘memory space’ instead of memory, because not all the memory space has to be
filled with memory chips for a particular implementation, but it is still a resource available to the
programmer.

This set of instructions or operations and the resources together form the instruction set
architecture (ISA). It is the ISA, which serves as an interface between the program and the
functional units of a computer, i.e., through which, the computer’s resources, are accessed and
controlled.

, as the

The Computer Architect’s View

The computer architect’s view is concerned with the design of the entire system as well as
ensuring its optimum performance. The optimality is measured against some quantifiable
objectives that are set out before the design process begins. These objectives are set on the basis
of the functionality required from the machine to be designed. The computer architect
Designs the ISA for optimum programming utility as well as for optimum performance of
implementation
Designs the hardware for best implementation of instructions that are made available in
the ISA to the programmer

Uses performance measurement tools, such as benchmark programs, to verify that the
performance objectives are met by the machine designed

Balances performance of building blocks such as CPU, memory, 1/O devices, and
interconnections

Strives to meet performance goals at the lowest possible cost
Software models, simulators and emulators

Performance benchmark programs
Specialized measurement programs

Data flow and bottleneck analysis
Subsystem balance analysis
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The Logic Designer’s View 3mpw¢tant

The logic designer is responsible for the design of the machine at the logic gate level. It is the
design process at this level that determines whether the computer architect meets cost and
performance goals. The computer architect and the logic designer have to work in collaboration
to meet the cost and performance objectives of a machine. This is the reason why a single person
or a single team may be performing the tasks of system’s architectural design as well as the logic

design.
Useful Tools for the Logic Designer

Some ot the tools available that aid the logic designer in the logic design process are

CAD 100IS

Logic design and simulation packages Printed circuit layout tools

IC (integrated circuit) design and layout tools
Logic analyzers and oscilloscopes
Hardware development systems

The Concept of the Implementation Domain

The collection of hardware devices, with which the logic designer works for the digital logic gate

implementation and interconnection of the mac‘}y.ne is terged as the implementation domain.

The Ioglc gate implementation domain may be

VLSI (very large scale integration) on S|I|con
TTL (transistor-transistor logic) or ECL (emitter-coupled logic) chips

Gallium arsenide chips

PLAs (programmable-logic arrays) or sea-of-gates arrays

Fluidic logic or optical switches

Similarly, the implementation domains used for gate, board and module interconnections are

Poly-silicon lines in ICs

Conductive traces on a printed circuit
board

Electrical cable

Optical fiber, etc.

At the lower levels of logic design, the designer
is concerned mainly with the functional details
represented in a symbolic form. The
implementation details are not considered at
these lower levels. They only become an issue at
higher levels of logic design. An example of a
two-to-one multiplexer in various
implementation domains will illustrate this point.
Figure (a) is the generic logic gate (abstract
domain) representation of a 2-to-1 multiplexer.
Figure (b) shows the 2-to-1 multiplexer logic
gate implementation in the domain of TTL (VLSI
on Silicon) logic using part number ‘257, with
interconnections in the domain of printed circuit
board traces.
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(b) TTL implementation domain
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Figure (c) is the implementation of the 2-to-1 multiplexer with a fiber optic directional coupler
switch, which has an interconnection domain of optical fiber.

Classical logic design versus computer logic design
We have already studied the sequential circuit design
concepts in the course on Digital Logic Design, and thus O ——— —10
are familiar with the techniques used. However, these —_— —I1
traditional techniques for a finite state machine are not |

very practical when it comes to the design of a

computer, in spite of the fact that a computer is a finite S

state machine. The reason is that employing these { ¢ ) Optical switch implerrentation
techniques is much too complex as the computer can

assume hundreds of states.

Sequential Logic Circuit Design

When designing a sequential logic circult, the problem is tirst coded In the form ot a state
diagram. The redundant states may be eliminated, and then the state diagram 1s translated into
the next state table. Th minimum number of tlip-tlops needed to implement the design 1s
calculated by making “state assignments” in terms ot the thip-tlop “‘states”. A “transition table” is
made using the state assignments and the next state table. The flip-flop control characteristics are
used to complete a set of “excitation tables”. The excitation equations are determined through
minimization. The logic circuit can then be drawn to implement the design. A detailed discussion
of these steps can be found in most books on Logic Design.

Computer Logic Design

Traditional Finite State Machine (FSM) design techniques are not suitable for the design of
;omputer logic. Sin e there is a natural separation between the data path and the control path in
sase of a digital computer, a modular approach can be used in this case.

The data path consists of the storage cells, the arithmetic and logic components and their
interconnections. | path is the circuitry tt ges the data path inf ion fl So
considering the behavior first can carry out the design. Then the structure can be considered and
dealt with. For this purpose, well-defined logic blocks such as multiplexers, decoders, adders etc.
can be used repeatedly.

Two Views of the CPU Program Counter Register

he vi f a logic desi i Jetailed tl r. etails of the
mechanism used to control the machine are unimportant to the programmer, but of vital
importance to the logic designer. This can be illustrated through the following two views of the
program counter of a machine.

As shown in figure (a), to a programmer the program counter is just a register, and in this case,
of length 32 bits or 4 bytes.

31 0
PC j

(@) Program Counter: Programmer’s View
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Figure (b) illustrates the logic designer’s view of a 32-bit program counter, implemented as an
array of 32 D flip-flops. It shows the contents of the program counter being gated out on ‘A bus’

(the address bus) by applying a control signal PCout. The contents of the ‘B bus’ (also the

address bus), can be stored in the program counter by asserting the signal PCin on the leading
edge of the clock signal CK, thus storing the address of the next instruction in the program
counter.

A 32 32
A Bus Q D+B Bus
rj PC
PCout
<l
CK PCin

(b) Program Counter: Logic Designer’s View
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Lecture No. 2

Reading Material

Vincent P. Heuring & Harry F. Jordan Chapter 2,Chapter3
Computer Systems Design and Architecture 2.1,2.2,3.2
Summary

A taxonomy of computers and their instructions
Instruction set features
Addressing modes

RISC and CISC architectures

Foundations of Computer Architecture

Taxonomy of computers and their instructions
Processors can be classitied on the basis OT thelr Instruction set architectures. The instruction set
architecture, described in the previous module gives us a ‘programmer’s view’ of the machine.

This module discussed a number of topics related to the classifications of computers and their
instructions.

CLASSES OF INSTRUCTION SET ARCHITECTURE: Jmpaortant Question

The mechanism used by the CPU to store instructions and data can be used to classify the ISA
(Instruction Set Architecture). There are three types ot machines based on this classification.
S ACCUIMuUIator pasea macrines

S OldCK Pdsed Imacrines
. General purpose register (GPR) machines

ACCUMULATOR BASED MACHINES

Accumulator based machines use special registers called the accumulators to hold one source
operand and also the result of the arithmetic or logic operations performed. Thus the accumulator
registers collect (or ‘accumulate”) data. Since the accumulator holds one of the operands, one

more register may be required to hold the address of another operand The accumulator is not
used to hold an address. SO accumulator based machines are also called 1-address machines,

Accumulator machines employ a very small number of accumulator registers, generally only
one. These machines were useful at the time when memory was quite expensive; as they used
one register to hold the source operand as well as the result of the operation. However, now that
the memory is relatively inexpensive, these are not considered very useful, and their use is
severely limited for the computation of expressions with many operands.

STACK BASED MACHINES
A ; e i ha
structure, the operands stored first, through the push operation, can only be accessed last, through
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e order of access to the operands is reverse of the storage operation. An
analogy of the stack is a “plate-dispenser” found in several self-service cafeterias. Arithmetic and
logic operations successively pick operands from the top-of-the-stack (TOS), and push the
results on the TOS at the end of the operation. In stack based machines, operand addresses need

not be specified during the arithmetic or logical operations. Therefore, these machines are also
called U-aadress macnines.

GENERAL-PURPOSE-REGISTER MACHINES

' I [ hi ' f regi - hese

registers do not have dedicated functions, and can be employed for a variety of purposes. To

identify the register within an instruction, a small number of bits are required in an instruction
. F ' identif f the 64 regi ", a6-hit field is required in the

instruction.

CPU registers are faster than cache memory. Registers are also easily and more etfectively used
by the compiler compared to other torms ot Internal storage. Registers can also be used to hold
variables, thereby reducing memory trattic. This increases the execution speed and reduces code
size (fewer bits required to code register names compared to memory) .In addition to data,
registers can also hold addresses and pointers (i.e., the address of an address). This increases the
flexibility available to the programmer.

A number of dedicated, or special purpose registers are also available in general-purpose
machines, but many of them are not available to the programmer. Examples of transparent
registers include the stack pointer, the program counter, memory address register, memory data
register and condition codes (or flags) register, etc.

We should understand that in reality, most machines are a combination of these machine types.

Accumulator machines have the advantage of being more efficient as these can store
Intermediate results ot an operation within the CPU.

INSTRUCTION SET

An instruction set is a collection of all possible machine language commands that are understood
and can be executed by a processo .

ESSENTIAL ELEMENTS OF COMPUTER INSTRUCTIONS:

There are four essential elements of an instruction; the type of operation to be performed, the
place to find the source operand(s), the place to store the result(s) and the source of the next
instruction to be executed by the processor.

Type of operation

In module 1, we described three ways to list the instruction set of a machine; one way of
enlisting the instruction set is by grouping the instructions in accordance with the functions they
perform. The type of operation that is to be performed can be encoded in the op-code (or the
operation code) field of the machine language instruction. Examples of operations are mov, jmp,
add; these are the assembly mnemonics, and should not be confused with op-codes. Op-codes are
simply bit-patterns in the machine language format of an instruction.

Place to find source operands

An instruction needs to specify the place from where the source operands will be retrieved and
used. Possible locations of the source operands are CPU registers, memory cells and 1/O
locations. The source operands can also be part of an instruction itself; such operands are called
immediate operands.

Place to store the results

An instruction also specifies the location in which the result of the operation, specified by the
instruction, is to be stored. Possible locations are CPU registers, memory cells and 1/O locations.
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Source of the next instruction

By default, in a program the next instruction in sequence is executed. So in cases where the next-
in-sequence instruction execution is desired, the place of next instruction need not be encoded
within the instruction, as it is implicit. However, in case of a branch, this information needs to be
encoded in the instruction. A branch may be conditional or unconditional, a subroutine call, as
well as a call to an interrupt service routine.

Example Moac hine

The table provides examples of assembly e T || =i
language commands and their machine T S e ____
language equivalents. In the instruction i sl
add CX, dX, the contents of the location dx mov al, 3¢h | 1011 1000 0011 0100 0000 0000 |B83400 |Data transfer
are added to the contents of the location ~orax,bx 001100011101 1000 3108 |Logk

FX’ and the rESUIF IS S.tored I.n CX. The Jmp alpha 1110 1011 1111 1100 EBFC Conirol
instruction type is arithmetic, and the op-

code for the add instruction is 0000, as
shown in this example.

CLASSIFICATIONS OF INSTRUCTIONS: j"’bpa’dant
We can classify instructions according to the format shown below.

S-adaress mnstructons
£Z-auuress Instrucuorns
1-audress misurucLorns
U-aaaress mnstructions

The distinction is based on the fact that some operands are accessed from memory, and therefore
require a memory address, while others may be in the registers within the CPU or they are
specified implicitly.

4-adaress Instructions / /

_' ne Tou!’ aaoress_ op code destination source 1 source 2 next addre
instructions specify the _

addresses ot two source —

operands, the address of the destination operand and the next instruction address.
4-address instructions are not very common because the next instruction to be executed is
sequentially stored next to the current instruction in the memory. Therefore, specifying its

address is redundant. These instructions are used in the micro-coded control unit, which will be

studied later.

3-address Instruction

A 3-address instruction specifies the addresses ot two operands and the address of the destination

op code

destination

source 1

source 2

operand.
Z-aaadress instruction op code destination source 2 \/
A 2-address instruction has three fields; one for source 1

the op-code, the second field specifies the address
of one of the source operands as well as the destination operand, and the last field is used for
holding the address of the second source operand. So one of the fields serves two purposes;
specifying a source operand address and a destination operand address.

1-aadress Instruction
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A 1-address instruction has a dedicated CPU register, called
the accumulator, to hold one operand and to store the result.
There is no need of encoding the address of the accumulator
register to access the operand or to store the result, as its usage is implicit. There are two fields in
the instruction, one for specifying a source operand address and a destination operand address.

op code source 2

0

A 0-address instruction uses a stack to hold both the operands and the result. op code
Operations are pertormed on the operands stored on the top ot the stack and the
second value on the stack. The result is stored on the top of the stack. Just like
the use of an accumulator register, the addresses of the stack registers need not be specified, their
usage is implicit. Therefore, only one field is required in 0-address instruction; it specifies the
op-code.

COMPARISON OF INSTRUCTION FORMATS: .7m/pwttcmt /
Basis for comparison

Two parameters are used as the basis for comparison of the instruction sets discussed above.
| nese are

coae size

Code size has an effect on the storage requirements for the instructions; the greater the code size,
the larger the memory required

Number of memory accesses
The number of memory accesses has an effect on the execution time of instructions; the greater
the numbers of memory accesses, the larger the time required for the execution cycle, as memory
accesses are generally slow.

Assumptions
We make a few assumptions, which are
A single byte is used for the op code, so 256 instructions can be encoded using these 8
bits, as 28 = 256
The size of the memory address space is 16 Mbytes
A single addressable memory unit is a byte

Size of operands is 24 bits. As the memory size is 16Mbytes, with byte-addressable
memory, 24 bits are required to encode the address of the operands.

The size of the address bus is 24 bits
Data bus size is 8 bits

Discussion

4-address Instruction

. Inecoaesize 1S 13 op code destination ~ | source 1 source 2 next address
bytes (1+3+3+3+3 = 13 —
bytes)

Number of bytes 1 byte 3 bytes 3 byteg 3 bytes 3 bytes
accessed from memory is _ = —

22 (13 bytes for instruction
fetch + 6 bytes for source operand fetch + 3 bytes for storing destination operand = 22 bytes)

Note that there is no need for an additional memory access for the operand corresponding to the
next instruction, as it has already been brought into the CPU during instruction fetch.

J-address Instruction
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The code size is 10 bytes op code destination source 1 source 2
(1+3+3+3 = 10 bytes)

Number of bytes accessed from 7
memory is 19 (10 bytes for LT Adyies dwias

instruction fetch 6 bytes for source
operand fetch + 3 bytes for storing destination operand = 19 bytes)

Z-address Instruction

T in civa e T (A — T 3 op code destination source 2
source 1

Number of bytes accessed from memory is
16(7 bytes for instruction fetch + 6 bytes for
source operand fetch + 3 bytes for storing 1 byte 3 bytes 3 bytes
destination operand = 16 bytes)

1-aadress Instruction \/

_ op code source 2

+ Number of bytes accessed from memory is 7 (4 bytes for
instruction fetch + 3 bytes for source operand fetch + 0 bytes 1 byte 3 bytes
for storing destination operand = 7 bytes)

U-aaaress INSTtruction op code
Number of bytes accessed from memory is 10 (1 byte for instruction 1 byte
fetch + 6 bytes for source operand fetch + 3 bytes for storing destination

operand = 10 bytes)

The following table summarizes this information

Instruction Format Code Number of
size memory bytes
4-address instruction 13 22
3-address instruction 10 19
2-address instruction 7 16
1-address instruction 4 7
(-address instruction 1 10

LIAL M AR —AArEA~ \/

In the preceding discussion we have talked about memory addresses. This discussion also applies
to CPU registers. However, to specity/ encode a CPU register, less number of bits Is required as
compared to the memory addresses. | herefore, these addresses are also called “halt-addresses”v”

An nstruction that specifies one memory address and one CPU register can be called as a 1%-
address instruction —_— —_ -

Example
mov al, [34h]

THE PRACTICAL SITUATION

Real machines are not as simple as the classifications presented above. In fact, these machines
have a mixture of 3, 2, 1, 0, and 1%-address instructions. For example, the VAX 11 includes
instructions from all classes.
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CLASSIFICATION OF MACHINES ON THE BASIS OF OPERAND AND
RESULT LOCATION:

A distinction between machines can be made on the basis of the ALU instructions; whether these
instructions use data from the memory or not. If the ALU instructions use only the CPU registers
for the operands and result, the machine type is called “load-store”. Other machines may have a
mixture of register-memory, or memory-memory instructions.

The number of memory operands supported by a typical ALU instruction may vary from 0 to 3.
otant 4
Example

The SPARC, MIPS, Power PC, ALPHA: 0 memory addresses, max operands allowed = 3
X86, 68x series: 1 memory address max operands allowed = 2

vV
LOAD- STORE MACHINES Jmpartant

These machines are also called the register-to-register machines. They typically use the 1%
address Instruction format. Only the load and store Instructions can access the memory. The load
Instruction fetches the required data from the memory and temporarily stores it in the CPU
registers. Other Instructions may use this data from the CPU registers. Then later, the results can
be stored back into the memory by the store instruction. Most RISC computers fall under this
category of machines.
Advantages (of register-register instructions)
Register-register instructions use 0 memory operands out of a total of 3 operands. The
advantages of such a scheme is:

The instructions are simple and fixed in length

The corresponding code generation model is simple

All instructions take similar number of clock cycles for execution

Disadvantages (register-register instruct\iym)

The instruction count is higher; "the number of instructions required to complete a
particular task is more as separate instructions will be required for load and store
operations of the memory

Since the jnstruction size is_fixed, the instructions that do not require all fields waste
memory bits

Register-memory machines I

In register-memory machines, some operands are in the memory and some are In registers. These
machines typically employ 1 or 1% address Instruction format, in which one of the operands Is an
accumulator or a general-purpose CPU registers.

Advantages
Register-memory operations use one memory operand out of a total of two operands. The
advantages of this instruction format are v’

Operands in the memory can be accessed without having to load these first through a
separate load instruction

Encoding is easy due to the elimination of the need of loading operands into registers first

Instruction bit usage is relatively better, as more instructions are provided per fixed
number of bits v

Disadvantages
Operands are not equivalent since one operand may have two func@s (both source
operand and destination operand), and the source operand may be destroyed

isters
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The number of clock cycles per instruction execution vary, depending on the operand
location operand fetch from memory is slow as compared to operands in CPU registers

Memory-Memory Machines o
In memory-memory machines, all three of the operands (2 source operands and a destination

operand) are in the memory. If one of the operands is being used both as a source and a
destination, then the 2-address format is used. Otherwise, memory-memory machines use 3-
address formats of instructions.

Advantages

The memory-memory instructions are the most compact instruction where encoding
wastage Is minimal. ° /

+As operands are fetched from and stored in the memory directly, no CPU registers are
wasted tor temporary storage

Disadvantages

. The instruction size is not fixed; the large variation in instruction sizes makes decoding
complex

+ The cycles per instruction execution also vary from instruction to instruction v

Memory accesses are generally slow, so too many references cause performance
degradation

——————

Example 1

The expression a = (b+c)*d — e is evaluated with the 3, 2, 1, and 0-address machines to provide a
comparison of their advantages and disadvantages discussed above.

3-Address 2-Address 1-Address 0-Address
adda,b,c |loada,b Idab push b
mpya,a,d |adda, c add c push c
suba,a,e |mpya,d mpy d add
suba, e sub e push d
staa mpy
push e
sub
pop a

The instructions shown in the table are the minimal instructions required to evaluate the given
expression. Note that these are not machine language instructions, rather the pseudo-code.

Example 2
The instruction z = 4(a +b) — 16(c+58) is with the 3, 2, 1, and 0-address machines in the table.
Functional classification of instruction

sets: 3-Address | 2-Address 1-Address O-Address
[nstructions can Dbe classiTied INto the
1 H o addz b load v, 8 . onder changed (o fedcs codsgme | push s
following four categories based on their |™ vt |uann  [eee i
functionality. e 5t |muly.4 [etdaze sid
. Data processing muls,g, 16 |losdsc  [mulsl6 :ws:u"
" 'R % slag sl
. Data storage (main memory) it il ' peshic
. Data movement (1/0) by  |sddab S addbtosce push 58
° slore L, ¥ eula 4 sdd
Program flow control qubse  oubliset ace From e /‘{-'ﬂ‘ 16
BAT ezl
. Data processing s
popzI

Data processing instructions are the ones
that perform some mathematical or logical operation on some operands. The Arithmetic Logic
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Unit performs these operations; therefore the data processing instructions can also be called ALU
instructions.
. Data storage (main memory)

The primary storage for the operands is the main memory. When an operation needs to be
pertormed On these operands, these can be temporarily brought into the CPU registers, and atter

completion, these can be stored back to the memory. The instructions for data access and storage
between the memory and the CPU can be categorized as the data storage instructions.

. Data movement (1/0)

The ultimate sources of the data are input devices e.g. keyboard. The destination of the data is an
output device, for example, a monitor, etc. The instructions that enable such operations are called
data movement instructions.

. Program flow control

A CPU executes instructions sequentially, unless a program flow-change instruction is
encountered. This flow change, also called a branch, may be conditional or unconditional. In
case of a conditional branch, if the branch condition is met, the target address is loaded into the
program counter.

ADDRESSING MODES:

Addressing modes are the different ways in which the CPU generates the address of operands. In
other words, they provide access paths to memory locations and CPU registers.

Effective address
An “effective address” Is the address (binary

bit pattern) issued by the CPU to the memory. g G5 = | —
The CPU may use various ways to compute — :
the effective address. The memory may .

interpret the effective address differently *°C | 123 |

under different situations.

COMMONLY USED MCQ;
ADDRESSING MODES

Some commonly used addressing modes are explained below.

No memory access needed

Immediate addressing mode

In this addressing mode, data is the part of the instruction itself, and so there is no need of
address calculation. However, immediate addressing mode is used to hold source operands only;
cannot be used for storing results. The range of the operands is limited by the number of bits

available for encoding the operands in the instruction; for n bit fields, the range is 20D 1o
+(21).1),

hlernor
Example: lda 123 1
In this example, the immediate o ' IR [Oncode | 122 |
Is loaded [ - . No address \/ (agoress ] 156|123
calculation is required. \/
Direct Addressing Mode RS i | -2
The address of the operand is specified as a

constant, and this constant is coded as part of
the instruction. The address space that can be

accessed is limited address space by the operand field size (20Perand field size ,c4i6ng).
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Example: Ida [123]
As shown in the figure, the address of the operand is stored in the instruction. The operand is
then fetched from that memory address.

Indirect Addressing Mode

The address of the location where the address Mermory

of the data is to be found is stored in the
instruction as the operand. R [Opcodd 13

Thus, the operand is the address of a @% £ 455 123\/

memory location, which holds the address Addm@ <

of the operand. Indirect addressing mode f
memory ACC 789 ]A data 456

can access a large address space (2

word size | cations).

To fetch the operand in this addressing mode, two memory accesses are required. Since memory
accesses are slow, this is not efficient for frequent memory accesses. The indirect addressing
mode may be used to implement pointers.

Example: Ida [[123]]

As shown in the figure, the address of the memory location that holds the address of the data in
the memory is part of the instruction.

Register (Direct) Addressing Mode R [opvore] pamessorR1 ] Memory

The operand Is contained In a CPU register, the instruction points to a CPUregister 208187
and the address of this register 1S encoded In EI;EET;USSW
the nstruction. As n0 memory access Is “R1 128 T, 15y

needed, operand fetch is efficient. However, Eﬁ

there are only a limited number of CPU R4

registers available, and this imposes a CPU Registers -
limitation on the use of this addressing  acc[ / { asdl
mode.

Example: lda R2
This load instruction specifies the address of the register and the operand is fetched from this
register. As is clear from the diagram, no memory access is involved in this addressing mode.

REGISTER INDIRECT

ANNDECCINI/ NNNE

IR Op code| address of R2 Memory
In the register indirect mode, the address of Address of data
"3

memory location that contains the operand is E; )
in a CPU register. The address of this CPU R3
register is encoded in the instruction. A large Rd

address space can be accessed using this

addressing mode (2"9'®" SIZ€ |ocations). It
involves fewer memory accesses compared No mermory access needed
to indirect addressing.

data

ACC 1234

Example: Ida [R1]

The address of the register that contains the address of memory location holding the operand is
encoded in the instruction. There is one memory access involved.
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Displacement addressing mode

The displacement-addressing mode is also called based or indexed addressing mode. Effective
memory address 1s calculated by adding a constant (which Is usually a part ot the instruction) to
the value In a CPU register. This addressing mode 1s usetul tor accessing arrays. The addressing
mode may be called ‘indexed’ in the situation when the constant refers to the first element of the
array (base) and the register contains the ‘index’. Similarly, ‘based’ refers to the situation when
the constant refers to the offset (displacement) of an array element with respect to the first
element. The address of the first element is stored in a register.

Example: Ida [R1 + 8] MEmas

In this example, R1 is the address of the 1R [Opcode] Address ofRi [5]

register that holds a memory address, 1o TS %D_E%

which is to be used to calculate the £e e = e

effective address of the operand. The RI1 |
constant (8) is added to this address held CPUregisters
by the register and this effective address is acc | 156
used to retrieve the operand. _

120 |
|

data

Relative addressing mode

The relative addressing mode is similar to the indexed addressing mode with the exception that
the PC holds the base address. This allows the storage of memory operands at a fixed offset from
the current instruction and is useful for ‘short’ jumps.

Memory
) R | opeode | 4 |
Example: jump 4 | address ofthe nest
The constant offset (4) is a part of the sTLtlan _
instruction, and it is added to the address L DL
held by the Program Counter. [
Pc| 120 |

RISC and CISC architectures:

Generally, computers can be classified as being RISC machines or CISC machines. These
concepts are explained in the following discussion.

RISC (Reduced instruction set computers) jm/pwttant Question

RISC is more of a philosophy of computer design than a set of architectural features. T
underlying idea is to reduce the number and complexity of instructions. However, new RISC
machines have some instructions that may be quite complex and the number of instructions may
also be large. The common features of RISC machines are

. One instruction per clock period

This is the most important feature of the RISC machines. Since the program execution depends
on throughput and not on individual execution time, this feature is achievable by using pipelining
and other techniques. In such a case, the goal is issuing an average of one instruction per cycle
without increasing the cycle time.

. FIxed size Instructions ./
Generally, the size of the instructions is 32 bits.
. CPU accesses memory only for Load and Store operations

This means that all the operands are in the CPU registers at the time these are used in an
instruction. For this purpose, they are first brought into the CPU registers from the memory and
later stored back through the load and store operation respectively.

. Simple and few addressing modes
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The disadvantage associated with using complex addressing modes is that complex decoding is
required to calculate these addresses, which reduces the processor performance as it takes
significant time. Therefore, in RISC machines, few simple addressing modes are used.

. Less work per instruction

As the instructions are simple, less work is done per instruction, and hence the clock period T

can be reduced. /
. Improved usage of delay slots

A “‘delay slot’ is the waiting time for a load or store operation to access memory or for a branch
instruction to access the target instruction. RISC designs allow the execution of the next
instruction after these instructions are issued. If the program or compiler places an instruction in
the delay slot that does not depend on the result of the previous instruction, the delay slot can be
used efficiently. For the implementation of this feature, improved compilers are required that can
check the dependencies of instructions before issuing them to utilize the delay slots.

. Efficient usage of Pre-fetching and Speculative Execution Techniques

Pre-fetching and speculative execution techniques are used with a pipelined architecture.
Instruction pipelining means having multiple instructions in different stages of execution as
instructions are issued before the previous instruction has completed its execution; pipelining
will be studied in detail later. The RISC machines examine the instructions to check if operand
fetches or branch instructions are involved. In such a case, the operands or the branch target
instructions can be ‘pre-fetched’. As instructions are issued before the preceding instructions
have completed execution, the processor will not know in case of a conditional branch
instruction, whether the condition will be met and the branch will be taken or not. But instead of
waiting for this information to be available, the branch can be “speculated” as taken or not taken,
and the instructions can be issued. Later if the speculation is found to be wrong, the results can
be discarded and actual target instructions can be issued. These techniques help improve the
performance of processors.

CISC (Complex Instruction Set Computers)

The complex instruction set computers does not have an underlying philosophy. The CISC
machines have resulted from the efforts of computer designers to efficiently utilize memory and
minimize execution time, yet add in more instruction formats and addressing modes. The
common attributes of CISC machines are discussed below.

. More work per instruction

This feature was very useful at the time when memory was expensive as well as slow; it allows
the execution of compact programs with more functionality per instruction. V%
. Wide variety of addressing modes

CISC machines support a number of addressing modes, which helps reduce the program
instruction count. There are 14 addressing modes in MC68000 and 25 in MC68020.

. Variable instruction lengths and execution times per instruction
The instruction size is not fixed and so the execution times vary from instruction to instruction.
. CISC machines attempt to reduce the “semantic gap”

‘Semantic gap’ is the gap between machine level instruction sets and high-level language
constructs. CISC designers believed that narrowing this gap by providing complicated
instructions and complex-addressing modes would improve performance. The concept did not
work because compiler writes did not find these “improvements” useful. The following are some
of the disadvantages of CISC machines. \/ﬁ

. Clock period T, cannot be reduced beyond a certain limit

When more capabilities are added to an instruction the CPU circuits required for the execution of
these instructions become complex. This results in more stages of logic circuitry and adds
propagation delays in signal paths.

This in turn places a limit on the smallest possible value of T and hence, the maximum value of
clock frequency.
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Important |
. Complex addressing modes delay operand fetch from memory
The operand fetch is delayed because more time is required to decode complex instructions.

. Difficult to make efficient use of speedup techniques Question
These speedup techniques include
Pipelining

Pre-fetching (Intel 8086 has a 6 byte queue)
Super scalar operation
Speculative execution

Mausters

Subscriles to- Masters
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Subscribes to-Masters

Lecture No. 3

INTroauction 1o o I'rocessor
Reading Material
Vincent P. Heuring & Harry F. Jordan Chapter2, Chapter 3
Computer Systems Design and Architecture 2.3,24,3.1

Summary

Measures of performance

Introduction to an example processor SRC
SRC Notation

+  SRC features and instruction formats

-

-

-

Measures of performance:
Performance testing

To test or compare the pertormance ot machines, programs can be run and their execution times
can be measured. However, the execution speed may depend on the particular program being
run, and matching It exactly to the actual needs ot the customer can be quite complex. To
overcome this problem, standard programs called “benchmark programs” have been devised.
These programs are intended to approximate the real workload that the user will want to run on
the machine. Actual execution time can be measured by running the program on the machines.
Commonly used measures of performance

The basic measure of performance of a machine is time. Some commonly used measures of this
time, used for comparison of the performance of various machines, are

Execution time jm,p(vttant

: MFLOPS

he time it
takes for a particular program depends on a number of factors other than the performance of the
CPU, most of which are ignored in this measure. These factors include waits for 1/0O, instruction
fetch times, pipeline delays, etc.
The execution time of a program with respect to the processor, is defined as
EXecution 11me = 1C X CPI X |

Where,
IC = INSTruction count

ec
Strictly speaking, (ICxCPI) should be the sum of the clock periods needed to execute each

instruction. The manufacturers for each instruction in the instruction set usually provide such
information. Using the average is a simplification.
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MIPS (Millions of Instructions per Second)

Another measure of performance is the millions of instructions that are executed by the processor
per second. It is defined as

MIPS = IC/ (ET x 10%) I mp artant

of the architectural differences of the machines; some machines will require more instructions to
perform the same job as compared to other machines. For example, R

instructions, so the same job will require more instructions. This measure of performance was
popular in the late 70s and early 80s when the VAX 11/780 was treated as a reference.

MFLOPS (Millions of Floating Point Instructions per Second) 5mpafttant

measure than the simple instructions. The measure MFLOPS was devised with this in mind. This
measure has two advantages over MIPS:

Floating point operations are compleXx, and therefore, provide a better picture of the
hardware capabilities on which they are run

Overheads (operand fetch from memory, result storage to the memory, etc.) are
effectively lumped with the floating point operations they support

whetstones mpwttcmt

Whetstone is the first benchmark program developed specifically as a benchmark program for
performance measurement. Named after the Whetstone Algol compiler, this benchmark program
was developed by using the statistics collected during the compiler development. It was
originally an Algol program, but it has been ported to FORTRAN, Pascal and C. T his benchmark

has been specifically designed to test floating point instructions. The performance is stated in
MWIPS (millions of Whetstone instructions per second).

Dhrystones

Developed in 1984, this is a small benchmark program to measure the integer instruction
performance of processors, as opposed to the Whetstone’s emphasis on floating point
instructions. It is a very small program, about a hundred high-level-language statements, and
compiles to about 1~ 1¥2 kilobytes of code.

Disadvantages of using Whetstones and Dhrystones
Both Whetstones and Dhrystones are now considered obsolete because of the following reasons.

. uncontrolled SOUI’CE Code

We should note that both the Whetstone and Dhrystone benchmarks are small programs, which
encourage ‘over-optimization’, and can be used with optimizing compilers to distort results.

s Jmp

SPEC, System Performance Evaluation Cooperative, is an association of a number of computer
companies to define standard benchmarks fo fair evaluation and comparison of different
processors. The standard SPEC benchmark suite includes:

A compiler
A Boolean minimization program

A spreadsheet program
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A number of other programs that stress arithmetic processing speed the latest version of
these benchmarks 1S SPEC CPUZUUU.

Advantages Question
« It provides for ease of publication.

Each benchmark carries the same weight.
SPEC ratio Is dimensionless.

It is not unduly influenced by long running programs.
It is relatively immune to performance variation on individual benchmarks.

It provides a consistent and fair metric,

An example computer: the SRC: “simple RISC computer”

An example machine is introduced here to facilitate our understanding of various design steps
and concepts in computer architecture. This example machine is quite simple, and leaves out a
lot of details of a real machine, yet it is complex enough to illustrate the fundamentals.

SRC Introduction Questiown

ATIriputes or the SKC i_“_31_ _______ E":
The SRC contains 32 General Purpose ] Eﬁ' : ! ¢ 0
Registers: RO, R1, ..., R31; each ! - ! 1
register is of size 32-bits. | |:| ! 2

i i | |

IneIudBe, Bragram Coumter (Peyand | Resserfle |
Instruction Register (IR) i i
Memory word size is 32 bits R[]
Memory space size is 252 bytes : : 24
Memory organization is 23 x 8 bits, i el |
this means that the memory isbyte 7777~ cpu T Main memory

aligned . ) .
Mémory is accessed in 32 bit words ( i.e., 4 byte chunks)

Big-endian byte storage is used

Programmer’s View of the SRC

two additional CPU registers (PC & IR), and the
main memory which is 232 1-byte cells.

. . % 5 7 Tl 0 One memory “word”
The figure shows the attributes of the SRC; the % .. 31 1 . :
32, 32-bit registerS that are a part of the CPU, the = ::g mﬂ ?} [ WE | W@ | wig [ WA
g
4

usjitj/ LS Byte
SRC Notation

We examine the notation used for the SRC with the help of some examples.
R[3] means contents of register
3 (R for register)
M[8] means contents of memory location 8 (M for memory)

A memory word at address 8 is defined as the 32 bits at address 8,9,10 and 11 in the
memory. This is shown in the figure.

A special notation for 32-bit memory words is M[8]<31...0>:=M[8] M[9] M[10] M[11]
is used for concatenation.
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S0mMe more sRC ATriputes

All instructions are 32 bits long (i.e., instruction size is 1 word)
All ALU instructions have three operands

The only way to access memory is through load and store operations
Only a few addressing modes are supported

SRC: Instruction Formats

Four types of instructions are supported by
the SRC. Their representation is given in
the figure shown.

Before discussing these instruction types in
detail, we take a look at the encoding of
general purpose registers (the ra, rb and rc
fields).

Encoding of the General Purpose Registers
The encoding for the general purpose
registers is shown in the table; it will be used
in place of ra, rb and rc in the instruction
formats shown above. Note that this is a
simple 5 bit encoding. ra, rb and rc are
names of fields used as “place-holders”, and
can represent any one of these 32 registers.
An exception is rb = 0; it does not mean the
register RO, rather it means no operand. This
will be explained in the following discussion.

Type A MCQ5$

Type A is used for only two instructions:
No operation or nop for which the

op-code = 0. This is useful in pipelining
Stop operation stop, the op-code is 31 for this instruction
Both of these instructions do not need an operand (are 0-operand instructions).

lype B
Iype B tormat includes three instructions;

all three use relative addressing mode.
I Nese are

31 27 26 0
Type A Op-code unused
31 2726 2221 0
Type B Op-code ra ¢l
31 2726 2221 1716 0
Type C Op-code ra rh c2
N 2726 2221 1716 1211 0
Type D Op-code ra rh rc c3
Reghster Coile Regginte: il Regist, Cwile: Rl Cile
B | oo B | o ST T R4
5 == Y T =
- B - <] Rif Rid B
K3 R R RE
B | oo rix | onm ] RX%
B | o Ri3 2 L)
[T Ru4 R B30
K R13 B R}
k) 2726 0
Op-code unused
31 2726 2221 0

Op-code

ra

cl

The Idr instruction, used to load register from memory using a relative address.

(op-code =2).

Example:
Idr R3, 56

This instruction will load the register R3 with the contents of the memory location M

[PC+56]
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Example: lar R3, 56
This instruction will load the register R3 with the relative address itself (PC+56).

The str is used to store register to memory using relative address (op-code = 4)

. Example: str R8, 34
This instruction will store the register R8 contents to the memory location

M [PC+34]
The effective address is computed at run-time by adding a constant to the PC. This makes the
instructions ‘re-locatable’.
31 2726 2221 1716 0

Type C Op-code ra rh c2

Type C format has three load/store
instructions, plus three ALU instructions. These load/ store instructions are

Id, the load register from memory instruction (op-code = 1)

« Example 1:
Id R3, 56

This instruction will load the register R3 with the contents of the memory location M
[56]; the rb field is O in this instruction, i.e., it is not used. This is an example of direct
addressing mode.

« Example 2:
Id R3, 56(R5)
The contents of the memory location M [56+R [5]] are loaded to the register R3; the rb
field # 0. This is an instance of indexed addressing mode.

e (which can be an
address) (op-code =5)

+ Examplel:
la R3, 56
The register R3 is loaded with the immediate value 56. This is an instance of immediate
addressing mode.

+ Example 2:
la R3, 56(R5)
The register R3 is loaded with the indexed address 56+R [5]. This is an example of
indexed addressing mode.

The st instruction is used to store register contents to memory (op-code = 3)

« Example 1: st R8, 34
This is the direct addressing mode; the contents of register R8 (R [8]) are stored to the
memory location M [34]

« Example 2: st R8, 34(R6)
An instance of indexed addressing mode, M [34+R [6]] stores the contents of R8(R [8])

I ne ALU Instructions are

+ Example:
addi R3, R4, 56
R[3] «— R[4]+56 (rb field = R4)
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andi, the instruction to obtain immediate logical AND, (op-code =42)
« Example:
andi R3, R4, 56

R3 is loaded with the immediate logical AND of the contents of register R4 and 56
(constant value)

. ori, the instruction to obtain immediate logical OR (op-code = 23)
+ Example: ori R3, R4, 56

R3 is loaded with the immediate logical OR of the contents of register R4 and
56(constant value)

Note:
1.  Since the constant c2 field is 17 bits,

For direct addressing mode, only the first 216 bytes of memory can be accessed (or the
last 210 bytes if c2 is negative)

IIn ((:jasgz of the la instruction, only constants with magnitudes less than +2 16 can be
oade

During address calculation using c2, sign extension to 32 bits must be performed
before the addition

2. Type Cinstructions, with some

modifications, may also be used for shift 31 2726 2221 1716 4 0
Instructions. Note the moditication In the Onscids i 5 wiser leount

following figure.

I he Tour ShITt Instructions are
shr is the instruction used to shift the bits right by using value in (5-bit) c3 field(shift
count) (op-code = 26)

0 Example: shr R3, R4, 7
shift R4 right 7 times in to R3. Immediate addressing mode is used.

s -~ - -~
0 Example: shraR3, R4, 7
This instruction has the effect of shift R4 right 7 times in to R3. Immediate
addressing mode is used.

The shl instruction is for shift left by using value in (5-bit) c3 field (op-code = 28)
0 Example: shl R8, R5, 6
shift R5 left 6 times in to R8. Immediate addressing mode is used.

shc, shift left circular by using value in c3 field (op-code = 29)

o0 Example: shc R3, R4, 3
shift R4 circular 3 times in to R3. Immediate addressing mode is used.
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Lecture No. 4

A A A whA A WA e AL wA WA S wA N AR A A ma A was

Reading Material

Vincent P. Heuring & Harry F. Jordan Chapter 2
Computer Systems Design and Architecture 2.3, 2.4, slides
Summary

Introduction to ISA and instruction formats
Coding examples and Hand assembly

An example computer: thi

An example machine is introduced here to facilitate our understanding of various design steps
and concepts in computer architecture. This example machine is quite simple, and leaves out a
lot of details of a real machine, yet it is complex enough to illustrate the fundamentals.

SRC Introduction

Attributes of the SRC

. The SRC contains 32 General Purpose Registers: RO, R1... R31; each register is of
size 32-bits.
. Two special purpose registers are included: Program Counter (PC) and Instruction
Register (IR)
. Memory word size is 32 bits
. Memory space size is 232 bytes
. ~ Memory organization is 232 x 8 IR R g
bits, this means that the memory is byte | 13 | 7 0
aligned Fo ! 0
. Memory is accessed in 32 bit | - ! 1
words (i.e., 4 byte chunks) 5 : | 2
. Big-endian byte storage is used | : |

. | Register file |
Programmer’s View of the SRC I I

| |
The figure below shows the attributes of 1 !
the SRC; the 32, 32-bit registers that are a i & I— i 0224
part of the CPU, the two additional CPU | o ! )
registers (PC & IR), and the main memory I___E_J
which is 232 1-byte cells. CPU Main memory
SRC Notation
We examine the notation used for the 2 .
SRC with the help of some examples. g m One memory “word”
. R[3] means contents of Bl g 32433 1815 87 0
register 3 (R for register) £ a3 M [ WEl T Wo[ T WAQ [ WA ]
e MS Byte LS Byte

. M[8] means contents of 5 LF__/

memory location 8 (M for memory)
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. A memory word at address 8 is defined as the 32 bits at address 8,9,10 and 11 in the
memory. This is shown in the figure below.
. A special notation for 32-bit memory words is M[8]<31...0>:=M[8] M[9] M[10]

M[11] is used for concatenation.

Some more SRC Attributes

. All instructions are 32 bits long (i.e., instruction size is 1 word)
. All ALU instructions have three operands
. The only way to access memory is through load and store operations
. Only a few addressing modes are supported
il 27 26 0
Type A Op-code unused
SRC: Instruction Formats
. . il 2726 22 21 0
Four types of instructions are supported by S T = =1
the SRC. Their representation is given in
the following figure. Before discussing
. - . . 31 2726 2221 1716 0
these instruction types in detail, we take a B— — ” -
look at the encoding of general-purpose it R B R
registers (the ra, rb and rc fields).
31 2726 2221 1716 1211 0
Encoding of the General Purpose Vi o IR VE SRS
Registers
The encoding for the general purpose
registers is shown in the following table; it | ® | o | wome | oo ] mase T | mame | o
will be used in place of ra, rb and rc in the sl s sl i i
instruction formats shown above. Note that | = | ™ : _
this is a simple 5 bit encoding. ra, roand rc | |
are names of fields used as “place-holders”, B N - -
and can represent any one of these 32 —
registers. An exception is rb = 0; it does not P T
mean the register RO, rather it means no z TR

operand. This will be explained in the
following discussion.

Type A
Type A is used for only two instructions:

No operation or nop, for which the op-code = 0. This is useful in pipelining

Stop operation stop, the op-code is 31 2726 0
31 for this instruction.

Op-tode unused

Both of these instructions do not need an operand (are 0-operand instructions).

Type B

Type B format includes three instructions; 31 2726 2221 0
all three use relative addressing mode. Op-code ra o1
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These are
The Idr instruction, used to load register from memory using a relative address.
(op-code = 2).
o Example: Idr R3, 56
This instruction will load the register R3 with the contents of the memory location
M [PC+56]
The lar instruction, for loading a register with relative address (op-code = 6)
0 Example: lar R3, 56
This instruction will load the register R3 with the relative address itself (PC+56).
The str is used to store register to memory using relative address (op-code = 4)
0 Example: str R8, 34
This instruction will store the register R8 contents to the memory location M
[PC+34]

The effective address is computed at run-time by adding a constant to the PC. This makes
the instructions ‘re-locatable’.

Type C 31 2726 2221 1716 0

Type C format has three load/store Op-code ra rh c2
instructions, plus three ALU instructions.
These load/ store instructions are

Id, the load register from memory instruction (op-code = 1)

o Example 1:
Id R3, 56
This instruction will load the register R3 with the contents of the memory location M
[56]; the rb field is O in this instruction, i.e., it is not used. This is an example of direct
addressing mode.

o0 Example 2: Id R3, 56(R5)
The contents of the memory location M [56+R [5]] are loaded to the register R3; the
rb field # 0. This is an instance of indexed addressing mode.

la is the instruction to load a register with an immediate data value (which can be an

address) (op-code =5)

0 Examplel: la R3, 56
The register R3 is loaded with the immediate value 56. This is an instance of
immediate addressing mode.

0 Example 2: la R3, 56(R5)
The register R3 is loaded with the indexed address 56+R [5]. This is an example of
indexed addressing mode.

The st instruction is used to store register contents to memory (op-code = 3)

0 Example 1: st R8, 34
This is the direct addressing mode; the contents of register R8 (R [8]) are stored to the
memory location M [34]

0 Example 2: st R8, 34(R6)
An instance of indexed addressing mode, M [34+R [6]] stores the contents of R8 (R
[81)

The ALU instructions are

addi, immediate 2’s complement addition (op-code = 13)
0 Example: addi R3, R4, 56

R[3] — R[4]+56 (rb field = R4)
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andi, the instruction to obtain immediate logical AND, (op-code = 21)
0 Example: andi R3, R4, 56

R3 is loaded with the immediate logical AND of the contents of register R4 and
56(constant value)

ori, the instruction to obtain immediate logical OR (op-code = 23)

o Example: ori R3, R4, 56

R3 is loaded with the immediate logical OR of the contents of register R4 and
56(constant value)

Note:
1. Since the constant c2 field is 17 bits,
For direct addressmg mode, only the first 216 bytes of memory can be accessed
(or the last 2! bytes if c2 is negative)
II ga%%sg of the la instruction, only constants with magnitudes less than +210 can be
During address calculation using c2, sign extension to 32 bits must be performed
before the addition
2. Type C instructions, with some modifications, may also be used for shift
instructions. Note the modification in the following figure.
31 2726 2221 1716 4 0
Op-code ra th unused  |count

The four shift instructions are

shr is the lnstructlon used to shift the bits right by using value in (5-bit) c¢3 field(shift
count) (op-code =

o Example: shr R3 R4,7
Shift R4 right 7 times in to R3 and shifts zeros in from the left as the value is shifted
right. Immediate addressing mode is used.

shra, arithmetic shift right by using value in c3 field (op-code = 27)

0 Example: shraR3, R4, 7

This instruction has the effect of shift R4 right 7 times in to R3 and copies the msb into
the word on left as contents are shifted right. Immediate addressing mode is used.

The shl instruction is for shift left by using value in (5-bit) c3 field (op-code = 28)

0 Example: shIR8, R5, 6

Shift R5 left 6 times in to R8 and shifts zeros in from the right as the value is shifted left.
Immediate addressing mode is used.

shc, shift left circular by using value in c3 field (op-code = 29)

0 Example: shc R3, R4, 3

Shift R4 circular 3 times in to R3 and copies the value shifted out of the register on the
left is placed back into the register on the right. Immediate addressing mode is used.

lype D
Iype D Includes tour ALU Instructions, tour register pased shitt Instructions, two logical
INISLTUCLIONS dalu two prariCri mstrucuoris .

31 2726 2221 1716 1211 0
Op-code ra tb rc unused
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The four ALU instructions are given below

add, the instruction for 2’s complement register addition (op-code = 12)

o Example:

add R3, R5, R6

Resul(tj of'2’s complement addition R[5] + R[6] is stored in R3. Register addressing mode
is used.

sub, the instruction for 2’s complement register subtraction (op-code = 14)

0 Example:

sub R3, R5, R6

R3 gvill store the 2’s complement subtraction, R[5] - R[6]. Register addressing mode is
used.

and, the instruction for logical AND operation between registers (op-code = 20)

0 Example:

and R8, R3, R4

R8 will store the logical AND of registers R3 and R4. Register addressing

mode is used.

or, the instruction for logical OR operation between registers (op-code = 22)
0 Example:
or R8, R3, R4

R8 is loaded with the value R[3] v R[4], the logical OR of registers R3 and
R4. Register addressing mode is used.

The four register based shift instructions
use register addressing mode. These use a 2726 2221 1716 1211 54 0
modified form of type D, as shown in Op-code ra b rc  |unused 100000
figure

b

shr, shift right by using value in register rc (op-code = 26)
o0 Example: shr R3, R4, R5
This instruction will shift R4 right in to R3 using number in R5
ght by using reg 0] )
0 Example:
shra R3, R4, R5
A shift of R4 right using R5, and the result is stored in R3
shl is shift left by using register rc (op-code = 28)
0 Example:
shl R8, R5, R6
The instruction shifts R5 left in to R8 using number in R6
shc, shifts left circular by using register rc (op-code = 29)
o Example:
shc R3, R4, R6
This instruction will shift R4 circular in to R3 using value in R6

The two logical instructions also use a modified form of the Type D, and are the following.
neg stores the 2°s complement of 3! 2726 2221 1716 1211 0
register rc in ra (op-code = 15 Op-code ra |unused| rc unused
o Example: neg R3, R4

Negates (obtains 2’s complement) of R4 and stores in R3. 2-address format and
register addressing mode is used.
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not stores the 1’s complement of register rc in ra (op-code = 24)

o Example:
not R3, R4

Logically inverts R4 and stores in R3. 2-address format with register addressing mode
is used.

. . 31 2726 2221 1716 1211 52 0
Type D has two-branch instruction, e i w = L
modified forms of type D. il s ¢ cond
There are

five possible conditions, explained through examples. (op-code = 8). All branch
instructions use register-addressing mode.

o Example 1:
brzr R3, R4

Branch to address in R3 (if R4 == 0)
Example 2:
brnz R3, R4
Branch to address in R3 (if R4 # 0)
o Example 3:
brpl R3, R4
Branch to address in R3 (if R4 > 0)
o Example 4:
brmi R3, R4
Branch to address in R3 (if R4 < 0)

(@)

o0 Example 5:
br R3, R4
Branch to address in R3 (unconditional)

Brl the instruction to branch to address in rb depending on condition in rc. Additionally,
it copies the PC in to ra before branching (op-code = 9)

o Example 1:

brizr R1,R3, R4

R1 will store the contents of PC, then branch to address in R3 (if R4 == 0)
o Example 2:

brinz R1,R3, R4

R1 stores the contents of PC, then a branch is taken, to address in R3 (if

R4 #0)
. Mnemonic c3<2..0> Branch Condition

o Example 3: : *
brlpl Rl,R3, R4 hrlnv ono Link hut never hranch
R1 will store PC, then [|br,brd 001 Unconditional hranch
gjn%h to address in R3 (if  fyar, brtar 010 |Branch ifrc is zero

>

0 Examplg4) bhrnz, brinz 011 Branch if rc is not zero
brimi Rl,RS, R4 hrpl, hrlpl 100 Branch if re is positive
R1 will store PC and then |hrmi, brimi 101 Branch if rc is negative
branch to address in R3 (if
R4 < 0)
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0 Example 5:

brl R1,R3, R4
R1 will store PC, then it will ALWAYS branch to address in R3

o Example 6:

brinv R1,R3, R4
R1 just stores the contents of PC but a branch is not taken (NEVER BRANCH)

In the modified type D instructions for branch, the bits <2...0> are used for specifying the
condition; these condition codes are shown in the table.

The SRC Instruction Summary

The instructions implemented by the SRC are listed, grouped on functionality basis.

Functional Groups of Instructions

Logic

Opcode
Shiftright by count shr 1/ 1] 0] 1] O
Shift right by count in a register shr 1 11 0 1[0
AShift right by count shra 1 1] 0f 1] 1
AShift right by count in a register shra 1) 1] of 1] 1
S hift left by count shl 1111100
Shift left by countin a register shl 11 1) 1| 0| O
Shift circ. by count she 1 1] 1] 0] 1
Shift circ. by count in a register =he 1 1] 11 0] 1

Control [T
opcode
No operation nop gjojojo|o
Halt Machine stop 1 1)1
Data Transfer
Opcode
L oad register 1d 0l 0f 0] 0] 1
L oad relative register ldr of 0] 0of 1[0
Store register st 0] 0l 0f 11
Store relative register str of 0] 1] 0{0
Load address la o of 11 0] 1
L oad relative address lar ol of 1] 1/ 0

Alphabetical Listing based on SRC

Mnemonics

Notice that the op code field for all br instructions is the same. The difference is in the condition
code field, which is in effect, an op code extension.

Mremonic | s 3020 2s] 29| la 0l ol 1{0]1 Examples . . . i

1ar | 0] 0] 1] 11 0] Some examples are studied in this section to

19 10101000l 1 enhance the student’s understanding of the SRC.
2da [o0]1]1]0] 0 ldr 1010101 110
2ddi o] 1| 1] o] 1 A 80'0’0'0'
=a 110l 110l 0 DOP Tl ol ol o Branching instuctions ) i
ai TTol 1101 1 not TCEIKE Branch when ... Opcods
br___| 0| 1]/ 0[0] 0 B ] never bronw | 0] 1] 0] 0] 0

or1 ahians hr of 1) 0f 0f 0
brl 0] 11010} 1 she 1 1ot Zern hrzr o 1] ofof o
brlmi o] 10| 0] 1 shec 1{ 1] 101 nomn Zero hEnE ol 1l ol of o
brinv | O] 1] OfOf 1 shl 1]1]1]0]0 postive (ncluding Ze ) repl | O[ 1] 0] 0f 0
brins | 0] 1] 0] 0] 1 shl 1111110/ 0 regative brmi | O[ 1] 0l o[ @
bripl ol 11 ol ol 1 shr 1 110] 1|0 Branch and link when ...

shr 11 1] 0{ 1] O new er brlnw nol 1 a| o] 1
b;rl:: g : g g [‘J shra 1111 0] 1] 1 ahways bl NI E

shra 1110 1|1 ZErD brlzr 0] 1] 0001
brrw ol 1j0ojD] D ™ ol ol ol 11 han Zero hrlnz of 1] 0 0f 1
brnz 0| 1]10{D| D ton TEEERE postive {ncluding Zer) bripl | Of 1] O] O] 1
brpl ol 1jof0O] 0O stx olol 1l olo negative brimi | 0] 1] 0] 01
brar ol 10| 0O] O sub gl 1] 1] 1] O
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Example 1: Expression Evaluation

Write an SRC assembly language program to evaluate the expression:
z = 4(a +b) — 16(c+58)
Your code should not change the source operands.

Solution A: Notice that the SRC does not have a multiply instruction. We will make use of the
fact that multiplication with powers of 2 can be achieved by repeated shift left operations. A
possible solution is give below:

IdR1, c ; ¢ is a label used for a memory location
addi R3, R1, 58 ; R3 contains (c+58)

shl R7, R3, 4 ; R7 contains 16(c+58)

Id R4, a

IdR5, b

add R6, R4, R5 ; R6 contains (a+b)

shl R8, R6, 2 ; R8 contains 4(a+b)

sub R9, R8, R7 ; the result is in R9

stR9, z ; store the result in memory location z
Note:

The memory labels a, b, ¢ and z can be defined by using assembler directives like .dw or
.db, etc. in the source file.
A semicolon ;” is used for comments in assembly language.

Solution B:

We may solve the problem by assuming that a multiply instruction, similar to the add instruction,
exists in the instruction set of the SRC. The shl instruction will be replaced by the mul
instruction as given below.

IdR1, c ; ¢ is a label used for a memory location
addi R3, R1, 58 ; R3 contains (c+58)

mul R7, R3, 4 : R7 contains 16(c+58)

Id R4, a

IdR5, b

add R6, R4, R5 ; R6 contains (a+h)

mul R8, R6, 2 ; R8 contains 4(a+h)

sub R9, R8, R7 ; the result is in R9

stR9, z

; store the result in memory location z
Note:
The memory labels a, b, ¢ and z can be defined by using assembler directives like .dw or
.db, etc. in the source file.

Solution C:

We can perform multiplication with a multiplier that is not a power of 2 by doing addition in a
loop. The number of times the loop will execute will be equal to the multiplier.

Example 2: Hand Assembly

Convert the given SRC assembly language program in to an equivalent SRC machine language
program.

IdR1, c ; ¢ iIs a label used for a memory location
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addi R3, R1, 58 ; R3 contains (c+58)

shiR7,R3, 4 ; R7 contains 16(c+58)

IdR4, a

Id R5, b

add R6, R4, R5 ; R6 contains (a+b)

shl R8, R6, 2 ; R8 contains 4(a+b)

sub R9, R8, R7 ; The result is in R9

stR9, z ; store the result in memory location z
Note:

This program uses memory labels a,b,c and z. We need to define them for the assembler by using
assembler directives like .dw or .equ etc. in the source file.

Assembler Directives
Assembler directives, also called pseudo op-codes, are commands to the assembler to direct the
assembly process. The directives may be shghtly ditferent for difterent assemblers. All the

necessary directives are available with most assemblers. We explain the directives as we
encounter them. More information on assemblers can be looked up in the assembler user
manuals.

Source program with directives
.ORG 200 ; startthe next line at address 200

a: .DW 1 ; reserve one word for the label a in the memory
p: LW 1 ; reserve a word 1or b, this will be at address 204
(o LW 1 ; reserve a word Tor ¢, will be at adadress 208

z. .LW 1 ; reserve one word for the result

.ORG 400 ; start the code at address 400 ; all numbers are in decimal unless otherwise stated

IdR1, c ; c is a label used for a memory location
addi R3, R1, 58 ; R3 contains (c+58)

shl R7, R3, 4 ; R7 contains 16(c+58)

Id R4, a

IdR5, b

add R6, R4, R5 ; R6 contains (a+h)

shl R8, R6, 2 ; R8 contains 4(a+h)

sub R9, R8, R7 ; the result is in R9

stR9, z ; store the result in memory location z

This is the way an assembly program will appear in the source file. Most assemblers require that
the file be saved with an .asm extension.

Solution:

Observe the first line of the program

.ORG 200 ; start the next line at address 200

This is a directive to let the following code/ variables ‘originate’ at the specified address of the
memory, 200 in this case.

Variable statements and another .ORG directive follow the .ORG directive.

a .DW 1; reserve one word for the label a in the memory
b: .DW 1; reserve a word for b, this will be at address 204
C: .DW 1; reserve a word for ¢, will be at address 208
Z .DW 1; reserve one word for the result

.ORG 400 : start the code at address 400
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We conclude the following from the above statements: The code starts at address 400 and each
instruction takes 32 bits in the memory. The memory map for the program is shown in given

table.

Memory Map for the SRC example program

Memonr Memons
Addvess Corterts
200 wibromm Label | Address Value
204 1mihremm a 200 unknown
ang wibromm b 204 unknown
212 o c 208 unknown
= z 212 unknown
400 14El,«c
404 addi B3 El1, 53
403 shl R7, BE. 4
412 11EF4.a
416 M ESb
420 add B B4, BS Memoxy Memoxy Hexadecimal
ey shl FG. 6. 2 Address Contexts Memory Conterts
42z sub B9, RY, B2
200 bR
433 R 4 204 unbrowm
208 wmibrorm
212 bR
We have to convert these instructions to machine language.
Let us start with the first instruction: 400 MRl 034000L0k
404 addi R3,R1,58
Id Rl C 408 shlR7 R34
Notice that this is a type C instruction with the rb field :iz EZ:
missing. 420 add RS, R4, RS
1. We pick the op-code for this load instruction 24 |aEe.R62
from the SRC instruction tables given in the SRC 28 | sbRO.RI.ES
instruction summary section. The op-code for the load E R F TP
register ‘1d’ instruction is 00001.
2. Next we pick the register code corresponding to register R1 from the register table
(given in the section ‘encoding of general purpose registers”). The register code for R1 is 00001.
3. The rb field is missing, so we place zeros in the field: __
00000 B | e | myoaes
4. The value of c¢ is provided by the assembler, and
should be converted to 17 bits. As ¢ has been assigned the — o
memory address 208, the binary value to be encoded is 00000 P e

0000 1101 0000.

5. So the instruction Id R1, ¢ is 00001 00001 00000
00000 0000 1101 0000 in the machine language.

6. The hexadecimal representation of this instruction is
084000DO0N.

We can update the memory map with these values.

We consider the next instruction,

addi R3, R1, 58.
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Notice that this is a type C instruction.

Merwonyr Memory Hexadecimal
1. We pick the op-code for the instruction addi from Mmn | e |y Oen
the SRC instruction table. It is 01101 TR

2. We pick the register codes for the registers R3 and —

R1, these codes are 00011 and 00001 respectively

3. For the immediate data, 58, we use the binary value, M N =
00000 0000 0011 1010 o Tammd
4. So the complete instruction becomes: 01101 00011 L

00001 00000 0000 0011 1010 L

5. The hexadecimal representation of the instruction is CT FrR T
68C2003Ah .

We update the memory map, as shown in table. :

The next instruction is shl R7,R3, 4, at address 408.

Again, this is a type C instruction.

1. The op-code for the instruction shl is picked from the SRC instruction table. It is
11100

2. The register codes for the registers R7 and R3 from | gy | foww | Seede
the register table are 00111 and 00011 respectively

3. For the immediate data, 4, the corresponding binary D ke

value 00000 0000 0000 0100 is used. B i

4. We can place these codes in accordance with the type
C instruction format to obtain the complete instruction: 11100 T e
00111 00011 00000 0000 0000 0100 e D e
5. The hexadecimal representation of the instruction is o [ume 0900005 &
E1C60004 - -

The memory map is updated, as shown in table. T PRy

The next instruction, Id R4, a, is also a type C instruction. Rb field S |t

IS missing in this instruction. To obtain the machine equivalent, we :

follow the steps given below.

1. The op-code of the load instruction ‘1d” is 00001

2. The register code corresponding to the register R4 is obtained from the register table,
and it is 00100

3. As the 5 bit rb field is missing, we can encode zeros in its place: 00000

4. The value of a is provided by the assembler, and is —— Ty TR
converted to 17 bits. It has been assigned the memory address | Ades Comets | Mooy Gretects
200, the binary equivalent of which is: 00000 0000 1100 1000

5. The complete instruction becomes: 00001 00100 S i

00000 00000 0000 1100 1000 i

6. The hexadecimal equivalent of the instruction is 0 9 e

0 0 0 0 C 8 h 400 1dRl1.c 08400000k
Memory map can be updated with this value. S e g
The next instruction is also a load type C instruction, with the T T 29000005 &
rb field missing_ 416 URSb 094000CCh
Id R5, b e

The machine language conversion steps are  [weRE

1. The op-code of the load instruction is obtained from ——

the SRC instruction table; it is 00001

2. The register code for R5, obtained from the register table, is 00101

3. Again, the 5 bit rb field is missing. We encode zeros in its place: 00000
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4. The value of label b is provided by the assembler, and should be converted to 17 bits.
It has been assigned the memory address 204, so the binary

value is: 00000 0000 1100 1100 e | aE |
5. The complete instruction is: 00001 00101 00000

00000 0000 1100 1100 S

6. The hexadecimal value of this instruction is 0 9 4 TR —

000CCh e B i

Memory map is then updated with this value. O R
The next instruction is a type D-add instruction, with the e -
constant field missing: S o e
add R6’R4’R5 416 WRSb 0940(:ncth
The steps followed to obtain the assembly code for this e ——
instruction are Fr R P TR R

1. The op-code of the instruction is obtained from the =

SRC instruction table; it is 01100

2. The register codes for the registers R6, R4 and R5 are obtained from the register
table; these are 00110, 00100 and 00101 respectively.

3. The 12 bit constant field is unused in this o T T
instruction, therefore we encode zeros in its place: 0000 0000 Addrss Contints | Mamsory ookt
0000

4. The complete instruction becomes: 01100 00110 o B

00100 00101 0000 0000 0000 P

5. The hexadecimal value of the instruction is6 1 8 8 el B e

5 0 0 0 h 400 1dRI,c 0840‘3;1)011
Memory map is then updated with this value. fr [asie L3 WO
The instruction shl R8,R6, 2 is a type C instruction with the rc - ===
field missing. The steps taken to obtain the machine code of 05 [mRsy 094000 TR
the instruction are e e
1. The op-code of the shift left instruction ‘shl’, S

obtained from the SRC instruction table, is 11100 o |ee

2. The register codes of R8 and R6 are 01000 and 00110 respectively

3. Binary code is used for the immediate data 2: 00000 0000 0000 0010

4. The complete instruction becomes: 11100 01000 00110 00000 0000 0000 0010

5. The hexadecimal equivalent of the instructionisE20C000 2

Memory map is then updated with this value. ooy s Hexadocimal
The instruction at the memory address 428 is sub R9, R7, R8. TR | Rt | gy G
This is a type D instruction. PR o

We decode it into the machine language, as follows: 2 [wioow

1. The op-code of the subtract instruction ‘sub’ is e

01110

2. The register codes of R9, R7 and R8, obtained from :Ef ﬁl;‘m‘ss ﬁzgznfh
the register table, are 01001, 00111 and 01000 respectively R P Eica000ih
3. The 12 bit immediate data field is not used, zeros A s st
are encoded in its place: 0000 0000 0000 TR PR TE BT
4. The complete instruction becomes: 01110 01001 L st
00111 01000 0000 0000 0000 o [ama S

5. The hexadecimal equivalentis 724 E 8000 h We

again update the memory map
The last instruction is is a type C instruction with the rb field missing:
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StR9, z

The machine equivalent of this instruction is obtained through the following steps:

1. The op-code of the store instruction ‘st’, obtained from the SRC instruction table, is
00011

2. The register code of R9 is 01001 | R | D
3. Notice that there is no register coded in the 5 bit rb

field, therefore, we encode zeros: 00000The value of the label z is w0 [wiaom

provided by the assembler, and should be converted to 17 bits. S i

Notice that the memory address assigned to z is 212. The 17 bit o

binary equivalent is: 00000 0000 1101 0100
4. The complete instruction becomes: 00011 01001 e —
00000 00000 0000 1101 0100 o PR Eroanen
5. ) The hexadecimal form of this instructionis1 A400 Rl -
0D4 o e v

The memory map, after the conversion of all the instructions, is
We have shown the memory map as an array of 4 byte cells in the
above solution. However, since the memory of the SRC is

428

sub R9,R7,R8

T24E000h

432

stRO.z

1A4000D4 h

arranged in 8 bit cells (i.e. memory is byte aligned), the real representation of the memory map

is:

[ rT— Muxuic
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Example 3: SRC instruction analysis
Identify the formats of following SRC instructions and specify the values in the fields

Instruction format ra th e cl c2 c3

negrl, 12

add 10,12 13

nop

1812,6

shidl, 11,3

Solution:

Instruction format r th r© cl c2 c3
negrl, 12 4 a - 2 = - -
add 10,02,¢3 r m ] 3 = = =
nop A - = = = i &
1dr2,6 C 2 | _ N o ; _
shi0,11,3 ¢ n rl = = = 3
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Lecture No. 5
Description of SRC in RTL

Reading Material
Handouts Slides

Summary
Reverse Assembly
Description of SRC in the form of RTL
Behavioral and Structural description in terms of RTL

Reverse Assembly

Typical Problem:

Given a machine language instruction for the SRC, it may be required to find the equivalent SRC
assembly language instruction

Example:

Reverse assemble the following SRC machine language instructions:

68C2003A h

E1C60004 h

61885000 h

724E8000 h

1A4000D4 h

084000D0 h

Solution:

1. Write the given hexadecimal instruction in binary form 68C2003A h — 0110 1000 1100
0010 0000 0000 0011 1010 b

2. Examine the first five bits of the instruction, and pick the corresponding mnemonic

from the SRC instruction set listing arranged according to ascending order of op-codes 01101 b
— 13 d — addi — add immediate

3. Now we know that this instruction uses the type C format, the two 5-bit fields after the op-

code field represent the destination and the source registers respectively, and that the remaining
17-bits in the instruction represent a constant

01101(00011 FOOOl T)OOOO 000000111010 b
op-code [ra field | rbfield | 17-bit c1 field

! ! ! l
addi R3 R1 3Ah=58d

4. Therefore, the assembly language instruction is
addi R3, R1, 58

Page 62 Join VU Group: https://chat.whatsapp.com/HwjquWyPQoJ6w8J2UOhjij



https://chat.whatsapp.com/HwjquWyPQoJ6w8J2UOhjij

Advance Computer Architecture - CS501

Summary

Given machine language instraction Equivalert assembly language instraction

68C2003A 1 addi R3,R1, 58
E1C60004 h
61885000 h
724E8000 h
1A4000D4 h
084000D0 h

We can do it a bit faster now! Stepl: Here is stepl for all instructions

Given ivp L O <
M s Equivalent instruction in binary
hexadecimal
E1C60004 h 1110 0001 1100 0110 0000 0000 0000 0100 b
61825000 h 0110 0001 1000 1000 0101 0000 0000 0000 b
724E£000 h 0111 0010 0100 1110 1000 0000 0000 0000 b

14400004 b 0001 1010 0100 0000 0000 0000 1101 0100 b

02400000 h 0000 1000 0100 0000 0000 0000 1101 0000 b

Step 2: Pick up the op code for each instruction

Given instructionin | Op-cods field NS TAOTS
he xadecimal
E1C50004 k 11100 b shl
61835000 h 000w add
T24EZ000 h 011 0b sub
144000D4 k 0001 1B st
02400000 h 0000 1 b d

Step 3: Determine the instruction type for each instruction

Given instraction in MBEMmonic Instruction type
hexadecimal
E1C60004 h shl

61885000 b add

724E2000 h sub

144000D4h st

084000D0 h 1d

The meaning of the remaining fields will depend on the instruction type (i.e., the instruction
format)
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Summary

Given machine language instraction Equivalent assembly language instraction

68C2003Ah addi R3,R1, 58
E1C60004 h
61885000 h
724E8000 h
1A4000D4 h
084000D0 h

Note: rest of the fields of above given tables are left as an exercise for students. Using RTL to
describe the SRC

RTL stands for Register Transter Language. The Register Transfer Language provides a formal
way for the description of the behavior and structure ot a computer. The RTL facilitates the
design process ot the computer as It provides a precise, mathematical representation ot Its
functionality . In this section, a Register Transfer Language Is presented and introduced, for the
SRC (Simple ‘RISC’ Computer), described in the previous discussion.

Benavioral K 1L

Iggggvioral RTL is used to describe the ‘functionality’ of the machine only, i.e. what the machine

Structural R1L

Structural RTL describes the ‘ha dware implementation’ of the machine, i.e. how the
functionality made available by the machine is implemented.
Benavioral versus structural K 1 L

M C Qé In computer design, a top-down approach is adopted. The computer design process typically
starts with defining the behavior of the overall system. This is then broken down into the
behavior of the different modules. The process continues, till we are able to define, design and

implement the structure of the individual modules. Behavioral RTL is used for describing the
behavior of machine whereas structural RTL is used to define the structure of machine, which

brings us to the some more hardware features.
Using RTL to describe the static properties of the SRC

In this section we introduce the RTL by using it to describe the various static properties of the
SRC.

Specifying Registers

The format used to specify registers is

Register Name<register bits>

For example, IR<31..0> means bits numbered 31 to 0 of a 32-bit register named “IR”

(Instruction Register).

“Naming” using the := naming operator:

The := operator is used to ‘name’ registers, or Part of registers, in the Register Transfer
Language. It does not create a new register; it just generates another name, or “alias” for an
already existing register or part of a register. For example,

Op<4..0>: = IR<31..27> means that the five most significant bits of the register IR will be called
op, with bits 4..0.

Fields in the SRC instruction
In this section, we examine the various fields of an SRC instruction, using the RTL.
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0p<4..0>: = IR<31..27>; operation code field

The five most significant bits of an SRC instruction, (stored in the instruction register in this
example), are named op, and this field is used for specifying the operation. ra<4..0>: =
IR<26..22>; target register field

The next five bits of the SRC instruction, bits 26 through 22, are used to hold the address of the
target register field, i.e., the result of the operation performed by the instruction is stored in the
register specified by this field.

rb<4..0>: = IR<21..17>; operand, address index, or branch target register

The bits 21 through 17 of the instruction are used for the rb field. rb field is used to hold an
operand, an address index, or a branch target register.

rc<4..0>: = IR<16..12>; second operand, conditional test, or shift count register

The bits 16 through 12, are the rc field. This field may hold the second operand, conditional test,
or a shift count.

€1<21..0>: = IR<21..0>; long displacement field

In some instructions, the bits 21 through 0 may be used as long displacement field. Notice that
there is an overlap of fields. The fields are distinguished in a particular instruction depending on
the operation.

€2<16..0>: = IR<16..0>; short displacement or immediate field
The bits 16 through 0 may be used as short displacement or to specify an immediate operand.
c3<11..0>: = IR<11..0>; count or modifier field

The bits 11 through 0 of the SRC instruction may be used for count or modifier field.
Describing the processor state using RTL

The Register Transfer Language can be used to describe the processor state. The following
registers and bits together form the processor state set.

PC<31..0>; program counter (it holds the memory address of next
instruction to be executed)

IR<31..0>; instruction register, used to hold the current instruction

Run; one bit run/halt indicator

Strt; start signal

R [0..31]<31..0>; 32, 32 bit general purpose registers

SRC in a Black Box

Connectors at
the back to be
added later on)

Indicators
{include the RUN
indicatar)

Other switches
may be added
later on
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J mportant | |
Difference between our notation and notation used by the text (H&J)

Our Meaning Symbels || Qur Symbal or Meaning Symbol used
Symbols In text terminology by H&J
- Siatstitiocl sratsalee Ed RTL Register Transfer Language RTH
Sequential statements Behavioral RTL Lhbstract RTN
Concurrent statements Structural RTL Concrete RTN
— Naming operator — implernentation mif:ti:;?m
— i = MAR Memory Address Register MA
& |logeslAND ‘ MBR. Merory Buffer Re gister MD
Logical OR
\ Logical NOT =
@ Concatenation #
a Replication @
% Remainder after division (modulo) none

Difference between “,” and «;” in RTL Questiov

Statements separated by a “,” take place during the same clock pulse. In other words, the order of
execution ot statements separated by “,” does not matter.

On the other hand, statements separated by a ;” take place on successive clock pulses. In other
words, If statements are separated by “;” the one on the left must complete before the one on the
right starts. However, some things written with one RTL statement can take several clocks to
complete.

So in the instruction interpretation, fetch-execute cycle, we can see that the first statement. ! Run
& Strt : Run « 1, executes first. After this statement has executed and set run to 1, the
statements IR < M [PC] and PC « PC + 4 are executed concurrently.

(132

Note that in statements separated by “,”, all right hand sides of Register Transfers are evaluated
before any left hand side is modified (generally though assignment).

Using RTL to describe the dynamic properties of the SRC The RTL can be used to describe the
dynamic properties.

Conditional expressions can be specified through the use of RTL. The following example will
illustrate this

(op=14) : R [ra] < R [rb] - R[rc];

The «<— operator is the RTL assignment operator. ‘;’ is the termination operator. This conditional
expression implies that “IF the op field is equal to 14, THEN calculate the difference of the value
in the register specified by the rb field and the value in the register specified by the rc field, and
store the result in the register specified by the ra field.”

Effective address calculations in RTL (performed at runtime)

In some instructions, the address of an operand or the destination register may not be specified
directly. Instead, the effective address may have to be calculated at runtime.

These effective address calculations can be represented in RTL, as illustrated through the
examples below.

Displacement address
disp<31..0> := ((rb=0) : c2<16..0> {sign extend},

(rb#£0) : R [rb] + c2<16..0> {sign extend}),

The displacement (or the direct) address is being calculated in this example. The “,” operator
separates statements in a single instruction, and indicates that these statements are to be executed
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simultaneously. However, since in this example these are two disjoint conditions, therefore, only
one action will be performed at one time.
Note that register RO cannot be added to displacement. rb = 0 just implies we do not need to use
the R [rb] field.
Relative address
rel<31..0> := PC<31..0> + c1<21..0> {sign extend},
In the above example, a relative address is being calculated by adding the displacement after sign
extension to the contents of the program counter register (that holds the next instruction to be
executed in a program execution sequence).
Range of memory addresses
The range of memory addresses that can be accessed using the displacement (or the direct)
addressing and the relative addressing is given.
Direct addressing (displacement with rb=0)
0 Ifc2<16>=0 (positive displacement) absolute addresses range from 00000000h to
0000FFFFh
0 Ifc2<16>=1 (negative displacement) absolute addresses range from FFFFO000h
to FFFFFFFFh
Relative addressing
0 The largest positive value of C1<21..0> is 221-1 and its most negative value is -

221 s0 addresses up to 221-1 forward and 22! backward from the current PC value
can be specified

Instruction Interpretation
(Describing the Fetch operation using RTL)

The action performed for all the instructions before they are decoded is called ‘instruction
interpretation’. Here, an example is that of starting the machine. If the machine is not already
running (=Run, or ‘not’ running), AND (&) it the condition start (Strt) becomes true, then Run
bit (of the processor state) is set to 1 (i.e. true).
instruction_Fetch := (

I Run & Strt: Run «— 1 ; instruction_Fetch

Run: (IR < M [PC], PC « PC + 4; instruction_Execution ) );

The := is the naming operator. The ; operator is used to add comments in RTL. The , operator,
specifies that the statements are to be executed simultaneously, (i.e. in a single clock pulse). The
; operator is used to separate sequential statements. «<— is an assignment operator. & is a logical
AND, ~ is a logical OR, and ! is the logical NOT. In the instruction interpretation phase of the
fetch-execute cycle, if the machine is running (Run is true), the instruction register is loaded with
the instruction at the location M [PC] (the program counter specifies the address of the memory
at which the instruction to be executed is located). Simultaneously, the program counter is
incremented by 4, so as to point to the next instruction, as shown in the example above. This
completes the instruction interpretation.
Instruction Execution
(Describing the Execute operation using RTL)
Once the instruction is fetched and the PC is incremented, execution of the instruction starts. In
the following, we denote instruction Fetch by “iF”” and instruction execution by “iE”.
iE:=(

(op<4..0>=1) : R [ra] < M [disp],

(0p<4..0>=2) : R [ra] < M [rel],

kéb<4..0>:31) :Run«0,);iF);
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As shown above, Instruction Execution can be described by using a long list of conditional
operations, which are inherently “disjoint”.

One of these statements is executed, depending on the condition met, and then the instruction
fetch statement (iF) is invoked again at the end of the list of concurrent statements. Thus,
instruction fetch (iF) and instruction execution statements invoke each other in a loop. This is the
fetch-execute cycle of the SRC.

concurrent statements

The long list of concurrent, disjoint instructions of the instruction execution (iE) is basically the
complete instruction set of the processor. A brief overview of these instructions is given below.

Load-Store Instructions

(op<4..0>=1) : R [ra] < M [disp], load register (Id)

This instruction is to load a register using a displacement address specified by the instruction, i.e.
the contents of the memory at the address ‘disp’ are placed in the register R [ra].

(0p<4..0>=2) : R [ra] < M [rel], load register relative (Idr)

If the operation field ‘op’ of the instruction decoded is 2, the instruction that is executed is
loading a register (target address of this register is specified by the field ra) with memory
contents at a relative address, ‘rel’. The relative address calculation has been explained in this
section earlier.

(op<4..0>=3) : M [disp] < R [ra], store register (st)

If the op-code is 3, the contents of the register specified by address ra, are stored back to the
memory, at a displacement location ‘disp’.

(op<4..0>=4) : MJrel] < R]ra], store register relative (str)

If the op-code is 4, the contents of the register specified by the target register address ra, are
stored back to the memory, at a relative address location ‘rel’.

(op<4..0>=5) : R [ra] < disp, load displacement address (la)

For op-code 5, the displacement address disp is loaded to the register R (specified by the

target register address ra).

(op<4..0>=6) : R [ra] « rel, load relative address (lar)

For op-code 6, the relative address rel is loaded to the register R (specified by the target register
address ra).

Branch Instructions

(op<4..0>=8) : (cond : PC «— R [rb]), conditional branch (br)

If the op-code is 8, a conditional branch is taken, that is, the program counter is set to the target
instruction address specified by rb, if the condition ‘cond’ is true.

(op<4..0>=9): (R [ra] < PC,

cond : (PC < R [rb]) ), branch and link (brl)

If the op field is 9, branch and link instruction is executed, i.e. the contents of the program
counter are stored in a register specified by ra field, (so control can be returned to it later), and
then the conditional branch is taken to a branch target address specified by rb. The branch and
link instruction is useful for returning control to the calling program after a procedure call
returns.

The conditions that these ‘conditional” branches depend on are specified by the field ¢3 that has
3 bits. This simply means that when ¢3<2..0> is equal to one of these six values. We substitute
the expression on the right hand side of the : in place of cond These conditions are explained
here briefly.

cond := ( MCQS

c3<2..0>=0:0, never
If the c3 field is 0, the branch is never taken.
C

If the field is 1, branch is taken
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C

If c3 = 2, a branch is taken if the register rc = 0.

c3<2..0>=3: R [rc] #0, if register is nonzero

If c3 = 3, a branch is taken if the register rc is not equal to 0.

€3<2..0>=4: R [rc]<31>=0 if positive or zero

If c3 is 4, a branch is taken if the register value in the register specified by rc is
greater than or equal to 0.

€3<2..0>=5 : R [rc]<31>=1), if negative

If c3 =5, a branch is taken if the value stored in the register specified by rc is
negative.

Arithmetic and Logical instructions

(op<4..0>=12) : R [ra] « R [rb] + R [rc],

If the op-code is 12, the contents of the registers rb and rc are added and the result is stored in the
register ra.

(op<4..0>=13) : R [ra] < R [rb] + c2<16..0> {sign extend},

If the op-code is 13, the content of the register rb is added with the immediate data in the field
c2, and the result is stored in the register ra.

(op<4..0>=14) : R [ra] « R [rb] — R [rc],

If the op-code is 14, the content of the register rc is subtracted from that of rb, and the result is
stored in ra.

(op<4..0>=15) : R [ra] < -R [rc],

If the op-code is 15, the content of the register rc is negated, and the result is stored in ra.
(0p<4..0>=20) : R [ra] « R [rb] & R [rc],

If the op field equals 20, logical AND of the contents of the registers rb and rc is obtained and
the result is stored in register ra.

(0p<4..0>=21) : R [ra] < R [rb] & ¢c2<16..0> {sign extend},

If the op field equals 21, logical AND of the content of the registers rb and the immediate data in
the field c2 is obtained and the result is stored in register ra.

(0p<4..0>=22) : R [ra] < R [rb] ~ R [rc],

If the op field equals 22, logical OR of the contents of the registers rb and rc is obtained and the
result is stored in register ra.

(0p<4..0>=23) : R [ra] « R [rb] ~ c2<16..0> {sign extend},

If the op field equals 23, logical OR of the content of the registers rb and the immediate data in
the field c2 is obtained and the result is stored in register ra.

(o0p<4..0>=24) : R [ra] « =R [rc],

If the op-code equals 24, the content of the logical NOT of the register rc is obtained, and the
result is stored in ra.

Shift instructions

(op<4..0>=26): R [ra]<31..0> «— (n 0. 0) © R [rb] <31..n>,

If the op-code is 26, the contents of the register rb are shifted right n bits times. The bits that are
shifted out of the register are discarded. Os are added in their place, i.e. n number of Os is added
(or concatenated) with the register contents. The result is copied to the register ra.

(op<4..0>=27) : R [ra]<31..0 > < (n a R [rb] <31>) © R [rb] <31..n>,

For op-code 27, shift arithmetic operation is carried out. In this operation, the contents of the
register rb are shifted right n times, with the most significant bit, bit 31, of the register rb added
in their place. The result is copied to the register ra.

(op<4..0>=28) : R [ra]<31..0 > «— R [rb] <31-n..0> © (n a 0),

For op-code 28, the contents of the register rb are shifted left n bits times, similar to the shift
right instruction. The result is copied to the register ra.
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(op<4..0>=29) : R [ra]<31..0 > — R [rb] <31-n..0> © R [rb]<31..32-n >,

The instruction corresponding to op-code 29 is the shift circular instruction. The contents of the
register rb are shifted left n times, however, the bits that move out of the register in the shift
process are not discarded; instead, these are shifted in from the other end (a circular shifting).
The result is stored in register ra.

where
n:=(
(c3<4..0>=0) : R [rc],
(c3<4..0>!=0) : c3 <4..0>),
Notation:

o means replication MCQé

© NMeans concatenation

Miscellaneous instructions

(op<4..0>=0), No operation  (nop)

If the op-code is 0, no operation is carried out for that clock period. This instruction is used as a
stall in pipelining.

(op<4..0>=31) : Run « 0, Halt the processor (Stop)

); iF);

If the op-code is 31, run is set to 0, that is, the processor is halted.

After one of these disjoint instructions is executed, iF, i.e. instruction Fetch is carried out once
again, and so the fetch-execute cycle continues.

Flow diagram Question

Flow diagram 1s the symbolic representation
of Fetch-Execute cycle. Its top block Instruction Fetch
INAICALES INSLTUCLION TELCN ana nen  next
block shows the Instruction decode by
looking at the first 5-bits of the fetched
instruction which would represent  op-code

Instruction Decode

Depending upon Op-code =31 )
the contents of this op-code the appropriate Op'wde‘oappmpﬁate
processing would take place. After the Op-code =30 Op-code =1 processing
appropriate processing, we would move back e
to top block, next instruction is fetched and 1 | || 1

the
same process is repeated until the instruction with op-code 31 would reach and halt the system.

Note:For SRC Assembler and Simulator consult Appendix.
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Lecture No. 6
RTL Using Digital Logic Circuits

Reading Material

Handouts Slides

Summary

B Using Behavioral RTL to Describe the SRC (continued)
B Implementing Register Transfer using Digital Logic Circuits

Using behavioral RTL to Describe the SRC (continued)

Once the instruction is fetched and the PC is incremented, execution of the instruction starts. In
the following discussion, we denote instruction fetch by “iF” and instruction execution by “iE”.

iE:=(
(op<4..0>=1): R [ra] « M [disp],
(0p<4..0>=2) : R [ra] < M [rel],

(0p<4..0>=31) : Run « 0,); iF):

As shown above, instruction execution can be described by using a long list of conditional
operations, which are inherently “disjoint”. Only one of these statements is executed, depending
on the condition met, and then the instruction fetch statement (iF) is invoked again at the end of
the list of concurrent statements. Thus, instruction fetch (iF) and instruction execution statements
invoke each other in a loop. This is the fetch-execute cycle of the SRC.

Concurrent Statements

The long list of concurrent, disjoint instructions of the instruction execution (iE) is basically the
complete instruction set of the processor. A brief overview of these instructions is given below:

Load-Store Instructions

(0p<4..0>=1) : R [ra] < M [disp], load register (Id)

This instruction is to load a register using a displacement address specified by the instruction,
i.e., the contents of the memory at the address ‘disp’ are placed in the register R [ra].

(op<4..0>=2) : R [ra] < M [rel], load register relative (Idr)

If the operation field ‘op’ of the instruction decoded is 2, the instruction that is executed is
loading a register (target address of this register is specified by the field ra) with memory
contents at a relative address, ‘rel’. The relative address calculation has been explained in this
section earlier.

(op<4..0>= 3) : M [disp] < R [ra], store register (st)
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If the op-code is 3, the contents of the register specified by address ra, are stored back to the
memory, at a displacement location ‘disp’.

(op<4..0>=4) : M[rel] < R[ra], store register relative (str)

If the op-code is 4, the contents of the register specified by the target register address ra, are
stored back to the memory, at a relative address location ‘rel’.

(op<4..0>=5) : R [ra] « disp, load displacement address (la)

For op-code 5, the displacement address disp is loaded to the register R (specified by the

target register address ra).

(0p<4..0>=6) : R [ra] < rel, load relative address (lar)

For op-code 6, the relative address rel is loaded to the register R (specified by the target register
address ra).

Branch Instructions

(0p<4..0>=8) : (cond : PC «— R [rb]), conditional branch (br)

If the op-code is 8, a conditional branch is taken, that is, the program counter is set to the target
instruction address specified by rb, if the condition ‘cond’ is true.

(op<4..0>=9) : (R [ra] < PC,

cond : (PC « R [rb]) ), branch and link (brl)

If the op field is 9, branch and link instruction is executed, i.e. the contents of the program
counter are stored in a register specified by ra field, (so control can be returned to it later), and
then the conditional branch is taken to a branch target address specified by rb. The branch and
link instruction is useful for returning control to the calling program after a procedure call
returns.

The conditions that these ‘conditional’ branches depend on, are specified by the field ¢3 that has
3 bits. This simply means that when ¢3<2..0> is equal to one of these six values, we substitute
the expression on the right hand side of the : in place of cond. These conditions are explained
here briefly.

cond :=(
€3<2..0>=0:0, never
If the c3 field is O, the branch is never taken.
€3<2..0>=1:1, always
If the field is 1, branch is taken
€3<2..0>=2: R [rc]=0, if register is zero
If c3 = 2, a branch is taken if the register rc = 0.
€3<2..0>=3: R [rc] #0, if register is nonzero
If c3 = 3, a branch is taken if the register rc is not equal to 0.
€3<2..0>=4: R [rc]<31>=0 if positive or zero

If c3 is 4, a branch is taken if the register value in the register specified
by rc is greater than or equal to 0.

€3<2..0>=5 : R [rc]<31>=1), if negative

If c3 =5, a branch is taken if the value stored in the register specified by
rc is negative.

Arithmetic and Logical instructions

(op<4..0>=12) : R [ra] « R [rb] + R [rc],

If the op-code is 12, the contents of the registers rb and rc are added and the result is stored in the
register ra.

(op<4..0>=13) : R [ra] « R [rb] + c2<16..0> {sign extended},
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If the op-code is 13, the content of the register rb is added with the immediate data in the field
c2, and the result is stored in the register ra.

(op<4..0>=14) : R [ra] « R [rb] — R [rc],

If the op-code is 14, the content of the register rc is subtracted from that of rb, and the result is
stored in ra.

(op<4..0>=15) : R [ra] < -R [rc],

If the op-code is 15, the content of the register rc is negated, and the result is stored in ra.
(0p<4..0>=20) : R [ra] < R [rb] & R [rc],

If the op field equals 20, logical AND of the contents of the registers rb and rc is obtained and
the result is stored in register ra.

(op<4..0>=21) : R [ra] < R [rb] & c2<16..0> {sign extended},

If the op field equals 21, logical AND of the content of the registers rb and the immediate data in
the field c2 is obtained and the result is stored in register ra.

(op<4..0>=22) : R [ra] < R [rb] ~ R [rc],

If the op field equals 22, logical OR of the contents of the registers rb and rc is obtained and the
result is stored in register ra.

(op<4..0>=23) : R [ra] < R [rb] ~ c2<16..0> {sign extended},

If the op field equals 23, logical OR of the content of the registers rb and the immediate data in
the field c2 is obtained and the result is stored in register ra.

(op<4..0>=24) : R [ra] < IR [rc],

If the op-code equals 24, the content of the logical NOT of the register rc is obtained, and the
result is stored in ra.

Shift instructions
(op<4..0>=26): R [ra]<31..0 >« (n 0 0) © R [rb] <31..n>,
If the op-code is 26, the contents of the register rb are shifted right n bits times. The bits that are
shifted out of the register are discarded. Os are added in their place, i.e. n number of Os is added
(or concatenated) with the register contents. The result is copied to the register ra.
(op<4..0>=27) : R [ra]<31..0 > < (n a R [rb] <31>) © R [rb] <31..n>,
For op-code 27, shift arithmetic operation is carried out. In this operation, the contents of the
register rb are shifted right n times, with the most significant bit, i.e., bit 31, of the register rb
added in their place. The result is copied to the register ra.
(0p<4..0>=28) : R [ra]<31..0 > «— R [rb] <31-n..0> © (n a 0),
For op-code 28, the contents of the register rb are shifted left n bits times, similar to the shift
right instruction. The result is copied to the register ra.
(op<4..0>=29) : R [ra]<31..0 > — R [rb] <31-n..0> © R [rb]<31..32-n >,
The instruction corresponding to op-code 29 is the shift circular instruction. The contents of the
register rb are shifted left n times, however, the bits that move out of the register in the shift
process are not discarded; instead, these are shifted in from the other end (a circular shifting).
The result is stored in register ra.
where
n:=(

(c3<4..0>=0) : R [rc],

(c3<4..0>1=0) : c3 <4..0>),

Notation:
o means replication
© means concatenation

Miscellaneous instructions
(op<4..0>=0), No operation  (nop)
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If the op-code is 0, no operation is carried out for that clock period. This instruction is used as a
stall in pipelining.

(op<4..0>=31) : Run « 0, Halt the processor (Stop)

)i iF);

If the op-code is 31, run is set to O, that is, the processor stops execution.

After one of these disjoint instructions is executed, iF, i.e. instruction Fetch is carried out once
again, and so the fetch-execute cycle continues.

Implementing Register Transfers using Digital Logic Circuits

We have studied the register transfers in the previous sections, and how they help in
implementing assembly language. In this section we will review how the basic digital logic
circuits are used to implement instructions register transfers. The topics we will cover in this
section include:

A brief (and necessary) review of logic circuits

Implementing simple register transfers

Register file implementation using a bus

Implementing register transfers with mathematical operations

The Barrel Shifter

Implementing shift operations

ok wdE

Review of logic circuits

Before we study the implementation of register transfers using logic circuits, a brief overview of
some of the important logic circuits will prove helpful. The topics we review in this section
include

1. The basic D flip flop

2. The n-bit register J m/pwtttmt

The basic D flip flop 5"DPMM

A flip-flop is a bi-stable device, capable of storing one bit of Information. Therefore, flip-flops
are used as the building blocks of a computer’s memory as well as CPU registers.

Data Input Q Output
— 1D o i
Enable Input
—EN
Clock Input
S

Active Low Clear Input

D flip flop
Thera are variniie hvinee nf flin-flnne: mnet Frammnn thvine the N flin-flan ic chgwn in the figure

yIvell 11ie yIvel Luul ldule 10l uiis pusitve-euye tiyyeieu w mp-nop stiows that the flip-flop is
set (i.e. stores a 1) when the data input is high on the leading (also called the positive) edge of the
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clock; it is reset (i.e., the flip-flop stores a 0) when the data input is O on the leading edge of the
clock. The clear input will reset the flip-flop on a low input.

EN D |Q
O X | X
1 O 0O

1 1

Truth table: D Flip Flop

The n-bit register
An n-bit register can be formed by grouping n flip-flops together. So a register is a device in
which a group of flip-flops operate synchronously.

A register is useful for storing binary data, as each flip-flop can store one bit. The clock input of
the flip-flops is grouped

get a better understanding of
this register, consider the
situation where we want to
store the binary number 1000
in the register. We will apply
the number to the input lines, as shown in the figure given.

On the leading edge of the clock, the number will be stored in the register. The enable input has
to be high if the number is to be stored into the register.

together, as is the enable In0 5 | FOSauD
input. As shown in the ENR
figure, using the input lines a i
binary number can be stored o
in the register_ by applying In [Z5— B — R0utd
the corresponding logic level EN
to each of the flip-flops E:
simultaneously at the D2 L.
positive edge of the clock. In2 5, D FOoue
The next figure shows the cE:NR
symbol of a 4-bit register
used for an integrated circuit. : | I | I
In0 through In3 are the four N
input lines, Out0 through s i
Out3 are the four output — Clk  4-bit reg Fd
lines, Clk is the clock input, —-£n o — O
d Enis th ble line. T 5333
and En is the enable line. To CI'CI:'Cl:":Ir'

4-bit Register Symbol
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Iz~ — ~ g
L =3
|r.'3 D:\ "'\.__Glrl[]
clack CEEE
_an_ll Clk 4-bi reg =X
En € 0 =
1o Enatle ZEEE
o- IH I
L [offfallo

Dpty D2 Outi oud
test circuit for 4-bit register

Waveform/Timing diagram

(AR A g Ry Ui gR i pugd) Ay EaRaRg gt
Yt o H

The n-to-1 multiplexer

A multiplexer 1s a device, constructed through combinational logic, which takes n inputs and
transters one of them as the output at a time. The Input that 1s selected as the output depends on
the selection lines, aiso called the control INput lines. For an N-to-1 multiplexer, there are n INput
lines, log2n control lines, and 1 output line. The given figure shows a 4-to-1 multiplexer. There
are 4 input lines; we number these lines as line 0 through line 3. Subsequently, there are 2 select
lines (as log24 = 2).

For a better understanding, let us consider a case where we want to transfer the input of line 3 to
the output of the multiplexer. We will need to apply the binary number 11 on the select lines (as

the binary number 11 represents the decimal number 3). By doing so, the output of the
multiplexer will be the input on line 3, as shown in the test circuit given.
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bt
Inputs on
3 2 10 T |2J1 .
L[] =]

. 31 2 I3
Selection o=
Llnes SO AN mux 4

output
& %o MUX test circuit for 4-to-1 MUX
Timing waveform
x 0
-.J A A L " 1
B i 1 U LUUUUUL
i ] w1l (U ur
i | T U
0 1 [ T
o M AN i) =LA
- - E}m/ [IEfE T
Timing Waveform for MUX

| r1-state putTers

The tri-state buffer, also called the three-state buffer, is another important component in the
digital logic domain. It has a single input, a single output, and an enable line. The input is
concatenated to the output only if it is enabled through the enable line, otherwise it gives a high

impedance output, i.e. it is tri-stated, or electrically c a
disconnected from the input These buffers are available both y
c(control) 0 0|Z
a(input) | 1 olo
in the inverting and the non-inverting form. The inverting tri- 1 1 1
state buffers output the ‘inverted’ input when they are

enabled, as opposed to their non-inverting counterparts that .
simply output the input when enabled. The circuit symbol of ~ Truth table ‘Tri-state buffer
the tri-state buffers is shown.
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The truth table further clarifies the working of a non-inverting tri-state buffer.

We can see that when the enable input (or the control input) c is low (0), the output is high
impedance Z. The symbol of a 4-bit tri-state buffer unit is shown in the figure. There are four
input lines, an equal number of output lines, and an enable line in this unit. If we apply a high on
the input 3 and 2, and a low on input 1 and 0, we get the output 1100, only when the enable input
is high, as shown in the given figure.

— Ind Outd }—
— In1 Dutl p—
— |n2 OutZ —
oy — I3 Quta

o~ 1 _ (=
é— In0 Outd L
N In1 Qut1
1— —— In2 Qut2 |
'i = ’—' s EUB Tri-state buffer symbol
SN L
- L] L) Lo ) {La |
1 s
|:| —

Test circuit for Tri-state buffer

Implementing simple register transfers
We now build on our knowledge of the primitive logic circuits to understand how register
transfers are implemented. In this section we will study the implementation of the following
Simple conditional transfer
Concept of control signals
Two-way transfers
Connecting multiple registers
Buses

Bus implementations

Simple conditional transfer

[n a simple conditional transfer, a condition is checked, and if it is true, the register transfer takes
place. Formally, a conditional transfer is represented as
<ona: KU «— RS
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Inpui values to RS

E
clock 3 :rL_R’—S—
[
O -

E .
1-__|IRD 99sE
OCI'IDD

Conditional Trasnfer

This means that if the condition ‘Cond’ is true, the contents of the register named RS (the source
register) are copied to the register RD (the destination register). The following figure shows how
the registers may be interconnected to achieve a conditional transfer. In this circuit, the output of
the source register RS is connected to the input of the destination registers RD. However, notice
that the transfer will not take place unless the enable input of the destination register is activated.
We may say that the ‘transfer’ is being controlled by the enable line (or the control signal). Now,
we are able to control the transfer by selectively enabling the control signal, through the use of
other combinational logic that may be the equivalent of our condition.

The condition is, in general, a Boolean expression, and in this example, the condition is
equivalent to LRD =1.

Two-way transfers

In the above example, only one-way transfer was possible, i.e., we could only copy the contents
of RS to RD if the condition was met. In order to be able to achieve two-way transfers, we must
also provide a path from the output of the register RD to input of register RS. This will enable us
to implement

conal: R «— RS

congz: RS «— RD

Connecting multiple registers

We have seen how two registers can be connected. However, i

more than just two registers. In order to connect these registers, one may argue that a connection
between the input and output of each be provided. This solution is shown for a scenario where
there are 5 registers that need to be interconnected.

We can see that in this solution, an m-bit register requires two connections of m-wires each.
Hence five m-bit registers in a “point-t0-point” scheme require 20 connections; each with m
wires. In general, n registers in a point to point scheme require n (n-1) connections. It is quite
obvious that this solution is not going to scale well for a large number of registers, as is the case
in real machines. The solution to this problem is the use of a bus architecture, which is explained
in the following sections.
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Buses

A bus Is a device that provides a shared data path
10 a humber OT devices that are connected 10 I,
Vid d SCT UI wIres our 4 SCt Ul ConaucCtors . 1Iie
modern computer systems extensively employ
the bus architecture. Control signals are needed
to decide which two entities communicate using
the shared medium, 1e. the bus, at any given
time. This control signals can be open collector
gate based, tri-state buffer based, or they can be
implemented using multiplexers.

Register file implementation using the bus
architecture

A number of registers can be inter-connected to
form a register file, through the use of a bus. The
given diagram shows eight 4-bit registers (RO,
R1, ..., R7) interconnected through a 4-bit bus
using 4-bit tri-state buffer units (labeled
AA TS4). The contents of a particular register
can be transferred onto the bus by applying a
logical high input on the enable of the
corresponding tri-state buffer. For instance,
R1out can be used to enable the tri-state buffers
of the register R1, and in turn transfer the
contents of the register on the bus.

Once the contents of a particular register are on
the bus, the contents may be transferred, or read
into any other register. More than one register
may be written in this manner; however, only
one register can write its value on the bus at a
given time.

Implementing register transfers with
mathematical operations

We have studied the implementation of simple
register transfers; however, we frequently
encounter register transfers with mathematical
operations. An example is (opc=1): R4« R3 +
R2;

These mathematical operations may be achieved
by introducing appropriate combinational logic;

R @ ) )R

.
e — { )

“R—,

Multiple register connections

L0 T84
Y=

;VF i H

=

[ 2
=34 g 23
=V L L) S

v e anit
(T Iy o L -
P

00 T4

EF“—_: :i§5 =

Riod

L0 T4
v Ove

, |
o e anra =
o "&“" ’——n:w_.

R od

Reqgister File

the above operation can be implemented in hardware by including a 4-bit adder with the register
files connected through the bus. There are two more registers in this configuration, one for
holding one of the operands, and the other for holding the result before it is transferred to the
destination register. This is shown in the figure below.
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11

00 784

beOuet
b1 Own

L0784

We now take a look at the
steps taken for the
(conditional, mathematical)
transfer (opc=1): R4« R3 +
R2. First of all, if
the condition opc = 1 is met,
the contents of the first
operand register, R3, are
transferred  to the
temporary registerA
through the bus. This is done
by activating R3out.

It lets the contents of the register R3 to be loaded on the bus. At the same time, applying a logical
high input to LA enables the load for the register A. This lets the binary number on the bus (the
contents of register R3) to be loaded into the register A. The next step is to enable R2out to load
the contents of the register R2 onto the bus. As can be observed from the figure, the output of the
register A is one of the inputs to the 4-bit adder; the other input to the adder is the bus itself.
Therefore, as the contents of register R2 are loaded onto the bus, both the operands are available

| 2= 1M

Ca-bd

L

LS L =311 1]

[= 1" Fg

[=11) 2]

5 T

'~"rrad
Cod
Time step | Operation to be performed | Control signalsto be
(structaral RTL) activated
A«R3 LA, R3out
Ce—A+R2 LC, R2cut
R4 «C LR4, Cout

Structural RTL: add operation
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to the adder. The output can then be stored to the register RC by enabling its write. So a high
input is applied to LC to store the result in register RC.

The third and final step is to store (transfer) the resultant number in the destination register R4.
This is done by enabling Cout, which writes the number onto the bus, and then enabling the read
of the register R4 by activating the control signal to LR4. These steps are summarized in the
given table.

I ne parrel snitter
Shift operations are frequently used o(j)erations, as shifts can be used for the implementation of
multiplication and division etc. A bi-directional shitt register with a parallel load capability can
be used to perform shift operations. However, the delays in such structures are dependent on the
number of shifts that are to be performed e.g.,a9 I I locl - ,asone
shift is performed per clock cycle. This is not an optimal solution. The barrel shifter is an
alternative, with any number of shifts accomplished during a single clock period. Barrel shifters
are constructed by using multiplexers. An n-bit barrel shifter is a combinational circuit
implemented using n multiplexers. The barrel provides a shifted copy of the input data at its
output. Control inputs are provided to specify the number of times the input data is to be shifted.
The shift process can be a simple one with 0s used as fillers, or it can be a rotation of the input
data. The corresponding figure shows a barrel shifter that shifts right the input data; the number
of shifts depends on the bit pattern applied on the control inputs SO, S1.

he functi ble for the | I shifter 1s gi e see from the table that in order to apply
single shift to the input number, the control signal is 01 on (S1, SO), which is the binary
equivalent of the decimal number 1. Similarly, to apply 2 shifts, control signal 10 (on S1, SO) is
applied; 10 is the binary equivalent of the decimal number 2. A control input of 11 shifts the
number 3 places to the right.
Now we take a look at an example of the shift operation being implemented through the use of
the barrel shifter: R4« ror R3 (2 times);

The shift functionality can be incorporated into the register file circuit with the bus architecture
we have been building, by introducing the barrel shifter, as shown in the given figure.

|n'::[‘.?5: - »
Inz s + o
In1 5> > -
I + ‘ ) -
{ W] 1 —— l Lt 1 :
S1 50— T xgie 2 10 aEd o2 1R — gt o« 1T U L%
:UC~' 7 Vg - J—"?E oa l_w’ oul -~ '
] A |
: . i
4 I-L':_‘ l = L2
5k 35 B3 SE

Barrel Shifter
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Shift operation using Barrel Shifter
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Function table: Barrel shifter

Page 83 Join VU Group: https://chat.whatsapp.com/HwjquWyPQoJ6w8J2UOhyjij



https://chat.whatsapp.com/HwjquWyPQoJ6w8J2UOhjij

Advance Computer Architecture - CS501

To perform the operation, R4« ror R3 (2 times),

The first step is to activate R3out, nb1 and LC. Activating R3out will load the contents of the
register R3 onto the bus. Since the bus is directly connected to the input of the barrel shifter, this
number is applied to the input side. nb1 and nbO0 are the barrel shifter’s control lines for
specifying the number of shifts to be applied. Applying a high input to nb1 and a low input to
nbO will shift the number two places to the right. Activating LC will load the shifted output of
the barrel shifter into the register C. The second step is to transfer the contents of the register C
to the register R4. This is done by activating the control Cout, which will load the contents of
register C onto the data bus, and by activating the control LR4, which will let the contents of the
bus be written to the register R4. This will complete the conditional shift-and-store operation.
These steps are summarized in the table shown below.

Time step Operation to be performed Control signalsto be
(structural RTL) activated
1 C « R3 (after rotating right twace) R3out, nbl, LC
2 R4 C LR4, Cout

Structural RTL: Shift operation
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Lecture No. 7

Design Process for ISA of FALCON-A

Reading Material
Handouts Slides

Summary
Outline of the thinking process for ISA Design
Introduction to the ISA of FALCON-A

Instruction Set Architecture (ISA) Design: Outline of the thinking process

In this module we will learn to appreciate, understand and apply the approach adopted in
designing an instruction set architecture. We do this by designing an ISA for a new processor.
We have named our processor FALCON-A, which is an acronym for First Architecture for
Learning Computer Organization and Networks (version A). The term Organization is intended
to include Architecture and Design in this acronym.

Elements of the ISA
Before we go onto designing the instruction set architecture for our processor FALCON-A, we
need to take a closer look at the defining components of an ISA. The following three key
components define any instruction set architecture.

1. The operations the processor can execute

2. Data access mode for use as operands In the operations defined

3. Representation of the operations in memory
We take a look at all three of the components in more detail, and wherever appropriate, apply
these steps to the design of our sample processor, the FALCON-A. This will help us better
understand the approach to be adopted for the ISA design of a processor. A more detailed
introduction to the FALCON-A will be presented later.
The operations the processor can execute

All processors need to SL#)port at least three categories (or functional groups) of instructions
— Arithmetic, Logic, Shi

—bata Iranster  Question
—Control

ISA Design Steps — Step 1

We need to think of all the instructions of each type that ought to be supported by our processor,
the FALCON-A. The following are the instructions that we will include in the ISA for our
processor.

Arithmetic:

add, addi (and with an immediate operand), subtract, subtract-immediate, multiply, divide
Logic:

and, and-immediate, or, or-immediate, not

SNITC

shift left, shift right, arithmetic shift right

Data Transfer:

Data transfer between registers, moving constants to registers, load operands from memory to

registers, store from registers to memory and the movement of data between registers and
input/output devices
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control:
Jump instructions with various conditions, call and return from subroutines, instructions for
handling interrupts

Miscellaneous instructions:

Instructions to clear all registers, the capability to stop the processor, ability to “do nothing”, etc.
ISA Design Steps — Step 2

Once we have decided on the instructions that we want to add support for in our processor, the

second step of the ISA design process is to select suitable mnemonics for these instructions. The
following mnemonics have been selected to represent these operations.

3/—\r|tnmet|c: 1ISteps of ISA
add. addi. sub .subi .mul .div iStep1: Thinking of all instructions supported by our processor
1- L 1 1 1 1
Logic:

. . 'Step2: Selecting suitable mnemonics for instruction
and, andi, or, ori, not I

SnITt: istep3: To decide upon the number of bits to be reserved for the opcode part of

shiftl, shiftr, asr ithe instruction
Dara | ransrer: ! _ _ _

. . istep4: Assign opcodes to instructions
load, store, in, out, mov, movi

control:

jpl, jmi, jnz, jz, jump, call, ret, int.iret selected for the FALCONA ISA.
IMIISCellaneous Instructions: 1
nop, reset, halt iStep6: Defining the instruction set architecture of our

ISA Design Steps — Step 3 L e A0 e e oo

The next step of the ISA design is to decide upon the number of bits to be reserved for the op-
code part of the instructions. Since we have 32 instructions in the instruction set, 5 bits will

suffice (as 25 =32) to encode these op-codes.

ISA Design Steps — Step 4

The fourth step is to assign op-codes to these instructions. The assigned op-codes are shown

below.

AINTNMeNC:
add (0), addi (1), sub (2), subi (3), mul (4),div (5);Step7: need to specify which instructions will be allowed
Logic: ’ ’ ’ ’ ’ tto access the memory.

( . 1
and (8), andi (9), or (10), ori (11), not (14) istep8.. need to_select the memory_addressing_modes. __ _
SNITC:
shiftl (12), shiftr (13), asr (15)
ata | ranster:

load (29), store (28), in (24), out (25), mov 00000 add 01000 | and 100 | el 11000 in

(6), movi (7)
control: 0001 ackdi 01001 | andi 10001 | jmi 11001 out
]pl (16)1 Jml (17)1 an (18)1 jZ (19)1 Jump ooo1n auh oio1o ot 10010 iz 11010 int
(20), call (22), ret (23), int (26), iret (27)

0001l subi 01011 oti 10011 iz 11011 itet
IVIISCEIlaneous INSTtructions: : :

oo1o0 mul 01100 shiftl 10100 Jung 11100 store
nop (21), reset (30), halt (31)
Now we list these instructions with their op- | . | *7 || "™ | = ) e g ) e
codes in the binary form, as they would D10 | mov || 01110 | met || 10010 | cat || 11110 | reset
appear in the machine instructions of the
FALCON-A. 00111 mevi 01111 ast 10111 et 11111 halt

Data access mode for operations
As mentioned earlier, the instruction set architecture of a processor defines a number of things
besides the instructions implemented; the resources each instruction can access,
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the number of registers available to the processor, the number of registers each instruction can
access, the instructions that are allowed to access memory, any special registers, constants and
any alternatives to the general-purpose registers. With this in mind, we go on to the next steps of
our ISA design.

ISA Design Steps — Step 5
We now need to select the number and types of operands for various instructions that we have
selected for the FALCON-A ISA.

ALU instructions may have 2 to 3 registers as operands. In case of 2 operands, a constant (an
immediate operand) may be included in the instruction.

For the load/store type instructions, we require a register to hold the data that is to be loaded
from the memory, or stored back to the memory. Another register is required to hold the base
address for the memory access. In addition to these two registers, a field is required in the
instruction to specify the constant that is the

displacement to the base address. agha Encoding
In jump instructions; we require a field for R o
specifying the register that holds the value that is Rl 001
to be compared as the condition for the branch, as = ol0
well as a destination address, which is specified as

a constant. = ot
Once we have decided on the number and types of i 0
operands that will be required in each of the RS 101
instruction types, we need to address the issue of RS 110
assigning specific bit-fields in the instruction for " 11

each of these operands. The number of bits
required to represent each of these operands will eventually determine the instruction word size.
In our example processor, the FALCON-A, we reserve eight general-purpose registers. To

encode a register in the instructions, 3 bits are required (as 28 =8). The registers are encoded in
the binary as shown in the given table.

Therefore, the instructions that we will add support for FALCON-A processor will have the
given general format. The instructions inthe 15 1110 8 7 54 21 0
FALCON-A processor are going to be Op-code ra th e |unused
variations of this format, with four different
formats in all. The exact format is dependent on the actual number of operands in a particular
instruction.

ISA Design Steps — Step 6

The next step towards completely defining the instruction set architecture of our processor is the
design of memory and its organization. The number of the memory cells that we may have in the
organization depends on the size of the Program Counter register (PC), and the size of the
address bus. This is because the size of the program counter and the size of the address bus put a
limitation on the number of memory cells that can be referred to for loading an instruction for
execution. Additionally, the size of the data bus puts a limitation on the size of the memory word
that can be referred to in a single clock cycle.

ISA Design Steps — Step 7 Addzessing Mode Format Example

Now we need to specify which instructions

. . direct [constant of label] [10] of [a]
will be allowed to access the memory. Since
the FALCON-A is intended to be a RISC-like | #slesemest IRt e ] [Rl+ 8] or
. : . ) 2+ 3]
machine; only the load/ store instructions will | _
be allowed to access the memory. L [F]

ISA Design Steps — Step 8

Next we need to select the memory-addressing modes. The given table lists the types of
addressing modes that will be supported for the load/store instructions.
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FALCON-A: Introduction

FALCON stands for First Architecture for Learning Computer Organization and Networks. It is a
‘RISC-like’ general-purpose processor that will be used as a teaching aid for this course. Although
the FALCON-A is a simple machine, it is powerful enough to explain a variety of fundamental
concepts in the field of Computer Architecture.

Programmer’s view of the FALCON-A

FALCON-A, an example of a GPR (General Purpose Register) computer, is the first version of the
FALCON processor. The programmer’s View
of the FALCON-A is given in the figure I~ "5 7 " o |

shown. As it is clear from the figure, the CPU : m | : i a7 e
contains a register file of 8 registers, named RO | : | 1
through R7. Each of these registersis 16 bits I re[ ] | 2 ?
in length. Aside from these registers, there are : REisterTe : -
two special-purpose registers, the Program | |

Counter (PC), and the Instruction Register I " 11 Inputioutput
(IR). The main memory is organized as 216 % I PC :

8 bits, i.e. 210 cells of 1 byte each. The T T e T iaiss mamory

memory word size is 2 bytes (or 16 bits). _ _
The input/output space is 256 bytes (8 bit 1/0 ports). The storage in these registers and memory
is in the big-endian format.
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Lecture No. 8
ISA of the FALCON-A

Reading Material
Handouts Slides

Summary

Introduction to the ISA of the FALCON-A
Examples for the FALCON-A

Introduction to the ISA of the FALCON-A

We take a look at the notation that we are
going to employ when studying the

FALCON-A. We will refer to the contents of 7 0 One memory “word”
a register by enclosing in square brackets the ME] | x 5 0 7 :
name of the register, for instance, R [3] refers ML | %+

to the contents of the register 3. Memory Mg [ M9 |
contents are to be referred to in a similar
fashion; for instance, M [8] refers to the

k_ﬂ/‘ MSByte LS Byte
contents of memory at location 8 (or the gth

memory cell). Fig. Big- Endian Notation

Since memory is organized into cells of 1

byte, whereas the memory word size is 2 bytes, two adjacent memory cells together make up a
memory word. So, memory word at the memory address 8 would be defined as 1 byte at address
8 and 1 byte at address 9. To refer to 16-bit memory words, we make use of a special notation,
the concatenation of two memory locations. Therefore, to refer to the 16-bit memory word at
location 8, we would write M[8]©M[9]. As we employ the big-endian format,

M [8]<15...0>:=M[8]OM][9]

So in our notation © is used to represent concatenation.

Little endian puts the smallest numbered byte at the least-significant position in a word, whereas
in big endian, we place the largest numbered byte at the most significant position. Note that in
our case, we use the big-endian convention of ordering bytes. However, within each byte itself,
the ordering of the bits is little endian.

FALCUN-A Featres J "Wa’ttant
The FALCON-A processor has fixed-length instructions, each 16 bits (2 bytes) long. Addressing
modes supported are limited, and memory is accessed through the load/store instructions only.

€ blemory addresses

FALCUN-A Instruction Formats Questioww

Three categories ot Instructions are going to be supported by the FALCON-A processor;
aritnmetic, control, and data transter INStructions. Arithmetic INstructions enaple matnematical
computations. Control instructions help change the tlow ot the program as and when required.
Data transter operations move data between the processor and memory. Ihe arithmetic category
also Includes the logical instructions. Four different types of instruction formats are used to
specify these instructions. A brief overview of the various fields in these instructions formats
follows.
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Type | instruction format is shown in the 15 1 10 0
given figure. In it, 5 bits are reserved for the

op-code (bits 11 through 15 . The rest of the

bits are unused in this instruction type, which
means they are not considered.

Op-code unused

Type Il instruction shown in the given
figure, has a 5-bit op-code field, a 3-bit 15 110 8 7 ]

register field, and an 8-bit constant (or O . 2

immediate operand) field.

Type Il instructions co tain the 5-bit op-

code field, two 3-bit register fields for source 15 110 8 7 54 21 0
and destination registers, and an immediate Op-code i h rc unused

operand field of length 5 bits.

Type IV instructions contain the op-code field, two 3-bit register fields, a constant filed on
length 3 bits as well as two unused bits. This

; tis sh i the qiven fi 15 1110 8 7 5 4 0
ormat is shown in the given figure. Op-code . A .
Encoding of registers

We have a register file comprising of eight - _
general-purpose registers in the CPU. To Registers Encoding

encode these registers in the binary, so they RO 000

can be referred to in various instructions, we - o

require logz (8) = 3 bits. Therefore, we have
already allocated three bits per register in R2 010
the instructions, as seen in the various

instruction formats. The encoding of w2 S
registers in the binary format is shown in R4 100

the given table. T o1

It is important to note here that the register 8 110

RO has special usage in some cases. For

instance, in load/ store operations, if register K e

RO is used as a second operand, its value is

considered to be zero. RO has special usage Fig. Register Encodings

in the multiply and divide (mul & div)
instructions as well.

Instructions and instruction formats

We return to our discussion of instruction formats in this section. We will now classify which
instructions belong to what instruction format types.

C Type |
M Qé Five of the instructions included in the instruction set of FALCON-A belong to type I instruction
Tormat. These are

This instruction is to instruct the processor to ‘do nothing’, or, in other words, do
‘no operation’. This instruction is generally useful in pipelining. We will study
pipelining later in the course.
2.reset  (op-code = 30)
3.halt  (op-code=31)
(opcode= 26)
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All of these instructions take no operands, therefore, besides the 5 bits used for the op-code, the
rest of the bits are unused.

Type 1l
There are nine FALCON-A instructions that belong to this type. These are listed below.
1. movi (op-code =7)
The movi instruction loads a register with the constant (or the immediate value)
specified as the second operand. An example is
movi R3, 56 R[3] « 56
This means that the register R3 will have the value 56 stored in it as this instruction is
executed.

2. in (op-code = 24)
This instruction is to load the specified register from input device. An example and its
interpretation in register transfer language are
in R3, 57 R [3] < 10 [57]

3 . L
The ‘out’ instruction will move data from the register to the output device specified in
the instruction, as the example demonstrates:
out R7, 34 10 [34] — R[7]

4. ret (op-code=23)
This Instruction is to return control from a subroutine. This is done using a register,
where the return address is stored. As shown in the example, to return control, the
program counter is assigned the contents of the register.
ret R3 PC — R[3]

5. jz (op-code=19)
When this instruction is executed
checked, and if it is equal to zero, the Program Counter is advanced by the
jump(value) specified in the instruction.
jz 13, [4] (R[3]=0): PC+ PC+ 4;
In this example, register r3’s value is checked, and if found to be zero, PC is
advanced by 4.

6. Jnz ( ] - This instruction is the reverse of the jz instruction, i.e., the jump (or
the branch) is taken, if the contents of the register specified are not equal to zero.jnz
r4, [variable] (R[4]#0): PC« PC+ variable;

7. jpI( ] - n this instruction, the value contained in the register specified in
the field ra is checked, and if it is positive, the jump is taken.
jpl r3, [label] (R[3]>0): PC « PC+ (label-PC);

8. jmi (op-code= 17) In this case, PC is advanced (jump/branch is taken) if the register
value is negative
jmi r7, [address] (R[7]<0): PC« PC+ address;

Note that, in all the instructions for jump, the jump can be specified by a constant, a variable, a
label or an address (that holds the value by which the PC is to be advanced). A variable can be
defined through the use of the ‘.equ’ directive. An address (of data) can be specified using the
directive .db’ or ‘.dw’. A label can be specified with any instruction. In its usage, we follow the
label by a colon :” before the instruction itself. For example, the following is an instruction that
has a label ‘alfa’ attached to it alfa: movi r3 r4
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Labels implement relative jumps, 128 locations backwards or 127 locations forward (relative to
the current position of program control, i.e. the value in the program counter). The compiler
handles the interpretation of the field c2 as a constant/ variable/ label/ address. The machine code
just contains an 8-bit constant that is added to the program counter at run-time.

9. jump (op-code= 20)

This instruction instructs the processor to advance the program counter by the
displacement specified, unconditionally (an unconditional jump). The assembler
allows the displacement (or the jump) to be specified in any of the following ways

jump [ra + constant]
jump [ra + variable]
jump [ra + address]

jump [ra + label]

The types of unconditional jumps that are possible are Questiov
« Direct

Indirect

PC relative (a ‘near’ jump)
Register relative (a “far’ jump)

The c2 field may be a constant, variable, an address or a label.
A direct jump is specified by a PC-label.
An indirect jump is implemented by using the C2 field as a variable.

In all of the above instructions, if the value of the register ra is zero, then the Program Counter is
incremented (or decremented) by the sign-extended value of the constant specified in the
instruction. This is called the PC-relative jump, or the ‘near’ jump. It is denoted in RTL as:
(ra=0): PC— PC + (8aC2<7>) © C2<7..0>;
If the register ra field is non-zero, then the Program Counter is assigned the sum of the sign-
extended constant and the value of register specified in the field ra. This is known as the register-
relative, or the ‘far’ jump. In RTL, this is denoted as: (ra#0):PC«— R[ra] +(8aC2<7>)©C2<7..0>;
Note that C2 is computed by sign extending the constant, variable, address, or (label — PC). Since
we have 8 bits available for the C2 field (which can be a constant, variable, address or a PC-
label), the range for the field is -128 to + 127. Also note that the compiler does not allow an
instruction with a negative sign before the register name, such as ‘jump [-12]’. If the C2 field is
being used as an address, it should always be an even value for the jump instruction. This is
because our instruction word size is 16 bits, whereas in instruction memory, the instruction
memory cells are of 8 bits each. Two consecutive cells together make an instruction.

Type III
There are nine instructions of the FALCON-A that belong to Type Ill. These are:

1. andi (op-code=19)
The andi instruction bit-wise ‘ands’ the constant specified in the instruction with
the value stored in the register specified in the second operand register and stores
the result in the destination register. An example is:
andir4, r3,5
This instruction will bit-wise and the constant 5 and R[3], and assign the value
thus obtained to the register R[4], as given .
R[4 < RI[31&5
2. addi (op-code=1)
This instruction is to add a constant value to a register; the result is stored in a
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destination register. An example:
addir4,r34 R[4 <« RJ[3]+4

3. subi (op-code =3)
The subi instruction will subtract the specified constant from the value stored in a
source register, and store to the destination register. An example follows.
subir5,r7,9 R[5] <« R[7]-9

4, ori (op-code=11)
Similar to the andi instruction, the ori instruction bit-wise ‘ors’ a constant with a
value stored in the source register, and assigns it to the destination register. The
following instruction is an example.
orird, 17,3 R[4 < R[7]~3

5. shiftl (op-code =12)
This instruction shifts the value stored in the source register (which is the second
operand), and shifts the bits left as many times as is specified by the third
operand, the constant value. For instance, in the instruction
shiftlr4, r3, 7
The contents of the register are shifted left 7 times, and the resulting number is
assigned to the register r4.

6. shiftr (op-code =13)
This instruction shifts to the right the value stored in a register. An example is:
shiftr r4, r3,9

7. asr  (op-code =15)
An arithmetic shift right is an operation that shifts a signed binary number stored in the
source register (which is specified by the second operand), to the right, while leaving
the sign-bit unchanged. A single shift has the effect of dividing the number by 2. As
the number is shifted as many times as is specified in the instruction through the
constant value, the binary number of the source register gets divided by the constant
value times 2.
An example is asr r1, r2, 5

This instruction, when executed, will divide the value stored in r2 by 10, and
assign the result to the register rl.

This instruction is to load a register from the memory. For instance, the
Instruction
load r1, [r4 +15]
will add the constant 15 to the value stored in the register r4, access the memory
location that corresponds to the number thus resulting, and assign the memory
contents of this location to the register r1; this is denoted in RTL by:

R[1] <« M[R[4]+15]

9. store (op-code= 28)
This instruction is to store a value in the register to a particular memory location.
In the example:
store r6, [r7+13]
The contents of the register r6 are being stored to the memory location that
corresponds to the sum of the constant 13 and the value stored in the register r7.
M[R[7]+13] « R[6]

Type 111 Modified

There are 3 instructions in the modified form of the Type Il instructions. In the modified Type
I11 instructions, the field c1 is unused.
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1

This instruction will move (copy) data of a source register to a destination
register. For instance, in the following example, the contents of the register r3 are
copied to the register r4.

mov r4, r3
In RTL, this can be represented as
R[4] — RJ3]

2.not (op-code=14)
This instruction inverts the contents of the source register, and assigns the value
thus obtained to the destination register. In the following example, the contents of
register r2 are inverted and assigned to register r4.
notr4, r2
In RTL:
R[4] — IR[2]
3.call (op-code=22)
Procedure calls are often encountered in programming languages. To add support
for procedure (or subroutine) calls, the instruction call is used. This instruction
first stores the return address in a register and then assigns the Program Counter a
new value (that specifies the address of the subroutine). Following is an example
of the call instruction
call r4,r3
This instruction saves the current contents (the return address) of the Program
Counter into the register r4 and assigns the new value to the PC from register r3.
R[4] < PC, PC — R][3]
TypelV . :
SIX instructions belong to the instruction format Type IV. These are

1l.add (op-code=0)
This instruction adds contents of a register to those of another register, and
assigns to the destination register. An example:
and r4, r3,r5
R[4] < R[3] +R[5]
2 b ( le=2)
This instruction subtracts value of a register from another the value stored in
another register, and assigns to the destination register. For example,
sub r4, r3, r5
In RTL, this is denoted by
R[4] < R[3] - R[5]

The multiply instruction will store the product of two register values, and stores in
the destination register. An example is

mul r5, r7,rl
The RTL notation for this instruction will be

R[0] © R[5] < R[7]*R[1]

This instruction will divide the value of the register that is the second operand, by the
number in the register specified by the third operand, and assign the result to the
destination register.

div r4, r7, r2 R[4]«<R[0] ©R[7]/R[2],R[0]«—R[0] ©R[7]%R[2]

5. and (op-code= 8)
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This ‘and’ instruction will obtain a bit-wise ‘and’ of the values of two registers and
assigns it to a destination register. For instance, in the following example, contents of
register r4 and r5 are bit-wise ‘anded’ and the result is assigned to the register r1.
andrl, r4, r5

In RTL we may write this as

R[1] — R[4] & R[5]

6.or (op-code=10)

To bit-wise ‘or’ the contents of two registers, this instruction is used. For instance,
orre, r7,r2

In RTL this is denoted as

R[6] < R[7] ~ R[2]

FALCON-A: Instruction Set Summary

We have looked at the various types of instruction formats for the FALCON-A, as well as the
instructions that belong to each of these instruction format types. In this section, we have simply
listed the instructions on the basis of their functional groups; this means that the instructions that
perform similar class of operations have been listed together.

Data Transfer Mnemonic opcode
Instructions

move mov 00110 (8)
Move immediate movi 00111 (7)
Input to register mn 11000 (24)
Output from register out 11001 (25)
Load from memaory load 11101 (29)
Store into memony store 11100 (28)

Fig. Data Transfer Instructions

jump instruction Mnemonic opcode
Jamp if positive jpl 10000 (16)
qmp if negative Jri 10001 (17
qamp if not zero mz 10010 (18)
Jamp if zero )z 10011 (19)
Jamp Jump 10100 ¢20)

Fig. Jump Instructions
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Conirol Instruction Mnemonic opcode

No operation nop 10101 (21)
call call 10110 (22)

returm ret 10111 (23)
interrapt int 11010 (26)
Intenupt retum iret 11011 @7)
reset reset 11110 (30)

halt halt 11111 (31)

Fig. Control Instructions

Examples for FALCON-A

In this section we take up a few sample problems related to the FALCON-A processor. This will
enhance our understanding of the FALCON-A processor, as well as of the general concepts
related to general processors and their instruction set architectures. The problems we will look at
include

1. Identification of the instruction types and operands

2. Addressing modes and RTL description

3. Branch condition and status of the PC

4.  Binary encoding for instructions

Example 1:

Identify the types of given FALCON-A instructions and specify the values in the fields

Instruction Type ra 1h rc cl c2

movirl, 2

add 11,9213

nop

load 12,[t5 + 6]

210, [3]

Fig. Example 1

Solution

The solution to this problem is quite straightforward. The types of these instructions, as well as
the fields, have already been discussed in the preceding sections.
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Instruction Type ra 1h rc cl c2
movirl, 2 I 1l - 2 - 2
add 11,1213 v 1l 12 13 -

nop I - - 2 &

load 12,[15 + 6] I 12 15 - 6

iz 10, [3] II 10 - - - 3

Fig. Solution 1

We can also find the machine code for these instructions. The machine code (in the hexadecimal
representation) is given for these instructions in the given table.

Instruction Machine ||ra h rc cl c2
Code

movirl, 2 3902h 1l = = - 2

add rl 1213 014Ch rl 2 13 & 3

nop ABDDh - -

load 12,[15 + 6] EAASh 12 5 N é

jz 10, [3] 9205h 10 : B = 3

Fig. Machine Code

Example 2:

Identify the addressing modes and Register Transfer Language (RTL) description (meaning) for
the given FALCON-A instructions
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Instruction Addressing mode RTL description

(meaning)

load 12,[r4 + 3]

inz 1l ,[54]

shiftl«1 12 4

addi 13,162

sub rl, 1712

Fig. Example 2

Solution

Addressing modes relate to the way architectures specify the address of the objects they access.
These objects may be constants and registers, in addition to memory locations.

Instruction Addressing mode RTL description
(meaning)

load 12,[rd + 8] Displacement R[2]=—DNI[R[4]48]

inztl, [54] Relative R[1]#0):
PC+~—PC+54

shiftl 11,12 4 Immediate Shift 12 left 4 times and
store in 1l

addi 13162 Immediate R[3}—R[6]+2

sub 1, 17,12 Register R[11+—R[7]-R[2]

Example 3: Specify the condition for the branch instruction and the status of the PC after the

Fig. Solution 2

branch instruction executes with a true branch condition
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Instruction

Condition

PC status

iz 12,[35]

jump [12]

mz16, [3]

jplel, [45]

jmi 12, [20]

Solution

We have looked at the various jump instructions in our study of the FALCON-A. Using that

Fig. Example 3

knowledge, this problem can be solved easily.

Instruction Condition PC status

jz 12,[35] IfR[2]==0 PC «— PC+35
Jump [12] always PC—PCH2
inz 16, [3] IfR[6] #0 PC «— PC+3
jplel, [45] IfR[1]20 PC «— PC+45
jmir2, [20] IfR[2]< 0 PC «— PC+20

Example 4: Specify the binary encoding of the different fields in the given FALCON-A

instructions.
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Instruction TYPE opeode ra h TC C1{ bits)
OR
C2@ bits)
store i, [21+8]
sub ¥3,06.15
shiftr 4 16 9
Jump [10]
halt
Fig. Example 4
Solution

We can solve this problem by referring back to our discussion of the instruction format types.
The op-codes for each of the instructions can also be looked up from the tables. ra, rb and rc
(where applicable) registers’ values are obtained from the register encoding table we looked at.
The constants C1 and C2 are there in instruction type Il and Il respectively. The immediate
constant specified in the instruction can also be simply converted to binary, as shown.

Instruction TYPE opcode ra ™ rc C1( bits)
OR
C2(8 bits)
store 4, [x1+8] m 11100 100 001 - 01000
sub ¥3,15,x5 v 00010 011 110 101
shiftr ¥ x5 9 m 01101 100 110 - 01001
Jamp [10] I 10100 . . . 0000 1010
halt I 11111
Fig. Solution 4
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Lecture No. 9
Description of FALCON-A and EAGLE using RTL

Reading Material
Handouts Slides
Summary
Use of Behavioral Register Transfer Language (RTL) to describe the FALCON-A
The EAGLE

The Modified EAGLE

Use of Behavioral Register Transfer Language (RTL) to describe the
FALCON-A

The use of RTL (an acronym for the Register Transfer Language) to describe the FALCON-A is
discussed in this section. FALCON-A is the sample machine we are building in order to enhance
our understanding of processors and their architecture.

B - .

Computer design involves various levels of abstraction. The behavioral description of a machine
IS a higher level ot abstraction, as compared with the structural description. |op-down approach
is adopted in computer design Design ng a computer typically starts with defining the behavior
of the overall system. This is then brok n down into the behavior of the different modules. The
process continues, till we are able to define, design and implement the structure of the individual
modules.

As mentioned earlier, we are interested in the behavioral description of our machine, the
FALCON-A, in this section.

Register Transfer Language

The RTL is a formal way of expressing the behavior and structure of a computer.

Behavioral R 1L

Behavioral Register Transfer Language is used to describe what a machine does, i.e. it is used to
define the functionality the machine provides. Basically, the behavioral architecture describes the
algorithms used in a machine, written as a set of process statements. These statements may be
sequential statements or concurrent statements, including signal assignment statements and wait
statements.

Structural RTL

S IRTL i " ine. The structural
architecture of a machine is the logic circuit implementation (components and their
interconnections), that facilitates a certain behavior (and hence functionality) for that machine.
Using RTL to describe the static properties of the FALCON-A

We can employ the RTL for the description of various properties of the FALCON-A that we
have already discussed.

Specifying Registers
In RTL, we will refer to a register by its abbreviated, alphanumeric name, followed by the

number of bits in the register enclosed in angle brackets ‘< >’. For instance, the instruction
register (IR), of 16 bits (numbered 0 to 15), will be referred to as, IR<15..0>
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Naming of the Fields in a Register

We can name the different fields of a register using the := notation. For example, to name the
most significant bits of the instruction register as the operation code (or simply op), we may
write:

op<4..0>:= IR<15..11>

Note that using this notation to name registers or register fields will not create a new copy of the
data or the register fields; it is simply an alias for an already existing register, or part of a
register.

Fields in the FALCON-A Instructions

We now use the RTL naming operator to name the various fields of the RTL instructions.
Naming the fields appropriately helps us make the study of the behavior of a processor more
readable.

0p<4..0>:= IR<1b..11>: operation code field
ra<Z..0> = IR<1U..8>: target register tieid é

rn<Z..U> = IR</..0>: operand or aadress Index

C<Z2..0> = IR<4..2>: second operand

Cl<4..U> = IR<4..0>: short displacement tieid

C2</..0> = IR</..0>: long displacement or the immediate tield

We are already familiar with these fields, and their usage in the various instruction formats of the
RTL.

Describing the Processor State using RTL

The processor state defines the contents of all the register internal to the CPU at a given time.
Maintaining or restoring the machine or processor state is important to many operations,
especially procedure calls and interrupts; the processor state needs to be restored after a
procedure call or an interrupt so normal operation can continue. Our processor state consists of
the following:

PC<15..0>: program counter (the PC holds the memory address of the next
instruction)

IR<15..0>: instruction register (used to hold the current instruction)

Run: one bit run/halt indicator

Strt: start signal

R 8 general purpose registers, each consisting of 16 bits

[0..7]<15..0>:

FALCON-A in a black box

The given figure shows what a processor appears as to a user. We see a start button that is
basically used to start up the processor, and a run indicator that turns on when the processor is in
the running state.

Connectors at
the back {to be
added later on}

Indicators
{include the RUN
indicatar)

Other switches
may be added
later on
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There may be several other indicators as well. The start button as well as the run indicator can be
observed on many machines.

Using RTL to describe the dynamic properties of the FALCON-A
We have just described some of the static properties of the FALCON-A. The RTL can also be

employed to describe the dynamic behavior of the processor in terms of instruction interpretation
and execution.

Conditional expressions can be specified using the RTL. For instance, we may specify a
conditional subtraction operation employing RTL as

(op=2) : R[ra] < R[rb] - R[rc];
This instruction means that “if” the operation code of the instruction equals 2 (00010 in binary),

then subtract the value stored in register rc from that of register rb, and store the resulting value
in register ra.

Effective address calculations in RTL (performed at runtime)
The operand or the destination address may not be specified directly in an instruction, and it may
be required to compute the effective address at run-time. Displacement and relative addressing

modes are instances of such situations. RTL can be used to describe these effective address
calculations.

Displacement address
A displacement address is calculated, as shown:
disp<15..0> := (R[rb]+ (11a c1<4>)© c1<4..0>);

This means that the address is being calculated by adding the constant value specified by the
field c1 (which is first sign extended), to the value specified by the register rb.
Relative address

A relative address is calculated by adding the displacement to the contents of the program
counter register (that holds the instruction to be executed next in a program flow). The constant
is first sign-extended. In RTL this is represented as, rel<15..0>:=PC+(80ac2<7>)Oc2<7..0>;

Range of memory addresses

Using the displacement or the relative addressing modes, there is a specific range of memory
addresses that can be accessed.

Range of addresses when using direct addressing mode (displacement with rb=0)
0 I(f c1<4>:)0 (positive displacement) absolute addresses range: 00000b to 01111b
Oto +15
o0 Ifcl<4>=1 (negative displacement) absolute addresses range: 11111b to 10000b
(-1to -16)

Address range in case of relative addressing
0 The largest positive value that can be specified using 8 bits (since we have only 8
bits available in c2<7..0>), is 27-1, and the most negative value that can be
represented using the same is 27. Therefore, the range of addresses or locations
that can be referred to using this addressing mode is 127 locations forward or 128
locations backward from the Program Counter (PC).

Instruction Fetch Operation (using RTL)

We will now employ the notation that we have learnt to understand the fetch-execute cycle of the
FALCON-A processor.

The RTL notation for the instruction fetch process is
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instruction_Fetch := (
IRUN&Strt : Run « 1,
Run: (IR — M[PC], PC — PC + 2;
instruction_Execution) );

This is how the instruction-fetch phase of the fetch-execute cycle for FALCON-A can be
represented using RTL. Recall that “:=’ is the naming operator, “!”” implies a logical NOT, “&”
implies a logical AND, “«” represents a transfer operation, *;” is used to separate sequential
statements, and concurrent statements are separated by “,”. We can observe that in the
instruction_Fetch phase, if the machine is not in the running state and the start bit has been set,
then the run bit is also set to true. Concurrently, an instruction is fetched from the instruction
memory; the program counter (PC) holds the next instruction address, so it is used to refer to the
memory location from where the instruction is to be fetched. Simultaneously, the PC is
incremented by 2 so it will point to the next instruction. (Recall that our instruction word is 2
bytes long, and the instruction memory is organized into 1-byte cells). The next step is the
instruction execution phase. Difference between “,” and *;” in RTL

(1324

We again highlight the difference between the “,” and “;”. Statements separated by a “,” take
place during the same clock pulse. In other words, the order of execution of statements separated
by “,”” does not matter.
On the other hand, statements separated by a “;” take place on successive clock pulses. In other
words, if statements are separated by “;”” the one on the left must complete before the one on the
right starts. However, some things written with one RTL statement can take several clocks to
complete.
We return to our discussion of the instruction-fetch phase. The statement

IRUN&Strt: Run — 1
is executed when ‘Run’ is 0, and “Strt’ is 1, that is, Strt has been set. It is used to set the Run bit.
No action takes place when both ‘Run’ and Strt’ are 0.
The following two concurrent register transfers are performed when ‘Run’ is set to 1, (as “:’ is a
conditional operator; if the condition is met, the specified action is taken).

IR «— M[PC]

PC—PC+2
Since these instructions appear concurrent, and one of the instructions is using the value of PC
that the other instruction is updating, a question arises; which of the two values of the PC is used
in the memory access? As a rule, all right hand sides of the register transfers are evaluated before
the left hand side is evaluated/updated. In case of simultaneous register transfers (separated by a
“”), all the right hand side expressions are evaluated in the same clock-cycle, before they are
assigned. Therefore, the old, un-incremented value of the PC is used in the memory access, and
the incremented value is assigned to the PC afterwards. This corresponds to “master-slave” flip-
flop operation in logic circuits.
This makes the PC point to the next instruction in the instruction memory. Once the instruction
has been fetched, the instruction execution starts. We can also use i.F for

instruction_Fetch and i.E for instruction_Execution. This will make the Fetch operation easy to
write.

iF ;= ('Run&Strt : Run < 1, Run: (IR < M[PC], PC —PC + 2; iE) );

Instruction Execution (Describing the Execute operation using RTL)

Once an instruction has been fetched from the instruction memory, and the program counter has
been incremented to point to the next instruction in the memory, instruction execution
commences. In the instruction fetch-execute cycle we showed in the preceding discussion, the
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entire instruction execution code was aliased iE (or instruction_Execution), through the
assignment operator “:=”. Now we look at the instruction execution in detail.
IE:=(
(op<4..0>=1):R[ra] «— R[rb]+ (11a c1<4>)© c1<4..0>,
(op<4..0>= 2) : R[ra] < R[rb]-R[rc],

.(c.)p.)<4..0>=31) :Run < 0,); iF);

As we can see, the instruction execution can be described in RTL by using a long list of
concurrent, conditional operators that are

inherently ‘disjoint’. Being inherently disjointed
implies that at any instance, only one of the
conditions can be met; hence one of the
statements is executed. The long list of statements
is basically all of the instructions that are a part of

Instruction Fetch

Instruction Decode

the FALCON-A instruction set, and the condition op-code=31

for their execution is related to the operation code " R
of the instruction fetched. We will take a closer Op-code =30 Op-code=1 pracessing
look at the entire list in our subsequent figmﬁajj
discussion. Notice that in the instruction execute [ | &8 [| |

phase, besides the long list of concurrent, disjoint

instructions, there is also the instruction fetch or iF sequenced at the end. This implies that once
one of the instructions from the list is executed, the instruction fetch is called to fetch the next
instruction. As shown before, the instruction fetch will call the instruction execute after fetching
a certain instruction, hence the instruction fetch-execute cycle continues.

The instruction fetch-execute cycle is shown schematically in the above given figure. We now
see how the various instructions in the execute code of the fetch-execute cycle of FALCON-A,
are represented using the RTL. These instructions form the instruction set of the FALCON-A.

Jump instructions
Some of the instructions listed for the instruction execution phase are jump instruction, as shown.
(Note ‘. . .” implies that more instructions may precede or follow, depending on whether it is
placed before the instructions shown, or after).

IE:=(

If op-code is 20, the branch is taken unconditionally (the jump instruction).
(op<4..0>=20) : (cond : (PC « R[ra]+C2(sign extended)),

If the op-code is 16, the condition for branching is checked, and if the condition is being met, the
branch is taken; otherwise it remains untaken, and normal program flow will continue.
(op<4..0>=16) : (cond : (PC « PC+C2 (sign extended ))

Arithmetic and Logical Instructions

Several instructions provide arithmetic and logical operations functionality. Amongst the list of
concurrent instructions of the IE phase, the instructions belonging to this category are
highlighted:

IE:=(
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If op-code is 0, the instruction is ‘add’. The values in register rb and rc are added and the result is
stored in register ra
(op<4..0>=0) : R[ra] < R[rb] + R[rc],
Similarly, if op-code is 1, the instruction is addi; the immediate constant specified by the
constant field C1 is sign extended and added to the value in register rb. The result is stored in the
register ra.
(op<4..0>=1) : R[ra] <R[rb] + (110 C1<4>)© C1<4..0>,
For op-code 2, value stored in register rc is subtracted from the value stored in register rb, and
the result is stored in register ra.
(op<4..0>=2) : R[ra] < R[rb] - R[rc],
If op-code is 3, the immediate constant C1 is sign-extended, and subtracted from the value stored
in rb. Result is stored in ra.
(op<4..0>=3) : R[ra] « R[rb]- (110 C1<4>)© C1<4..0>,
For op-code 4, values of rb and rc register are multiplied and result is stored in the destination
register.
(op<4..0>=4) : R[ra] < R[rb] * R[rc],
If the op-code is 5, contents of register rb are divided by the value stored in rc, result is
concatenated with 0s, and stored in ra. The remainder is stored in RO.
(op<4..0>=5) : R[ra] — R[0] ©R[rb]/R[rc],

R[0] — R[0] ©R[rb]%R]rc],
If op-code equals 8, bit-wise logical AND of rb and rc register contents is assigned to ra.
(op<4..0>=8) : R[ra] « R[rb] & R[rc],
If op-code equals 8, bit-wise logical OR of rb and rc register contents is assigned to ra.
(o0p<4..0>=10) : R[ra] < R[rb] ~ R[c],

For op-code 14, the contents of register specified by field rc are inverted (logical NOT is taken),
and the resulting value is stored in register ra.

(op<4..0>=14) : R[ra] < ! R[rc],

Shift Instructions
The shift instructions are also a part of the instruction set for FALCON-A, and these are listed in
the instruction execute phase in the RTL as shown.

IE:=(

If the op-code is 12, the contents of the register rb are shifted right N bits. N is the number
specified in the constant field. The space that has been created due to the shift out of bits is filled
with 0s through concatenation. In RTL, this is shown as:

(op<4..0>=12) : R[ra]<15..0> « R [rb]<(15-N)..0>©(No0),

If op-code is 13, rb value is shifted left, and Os are inserted in place of shifted out contents at the
right side of the value. The result is stored in ra.

(op<4..0>=13) : R[ra]<15..0> «— (No0)CR [rb]<(15)..N>,

For op-code 15, arithmetic shift right operation is carried out on the value stored in rb. The
arithmetic shift right shifts a signed binary number stored in the source register to the right, while

leaving the sign-bit unchanged. Note that o means replication, and © means concatenation.
(op<4..0>=15) : R[ra]<15..0> «— No(R [rb]<15>)© (R [rb]<15..N>),
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Data transfer instructions
Several of the instructions belong to the data transfer category.
IE:=(

Op-code 29 specifies the load instruction, i.e. a memory location is referenced and the value
stored in the memory location is copied to the destination register. The effective address of the
memory location to be referenced is calculated by sign extending the immediate field, and
adding it to the value specified by register rb.

(op<4..0>=29) : R[ra]«— M[R[rb]+ (110 C1<4>)© C1<4..0>],

A value is stored back to memory from a register using the op-code 28. The effective address in
memory where the value is to be stored is calculated in a similar fashion as the load instruction.
(op<4..0>=28) : M[R[rb]+ (110 C1<4>)© C1<4..0>] < R [ra],

The move instruction has the op-code 6. The contents of one register are copied to another
register through this instruction.

(op<4..0>=6) : R[ra] < R[rb],

To store an immediate value (specified by the field C2 of the instruction) in a register, the op-
code 7 is employed. The constant is first sign-extended.

(op<4..0>=7) : R[ra] « (8aC2<7>)O©C2<7..0>,

If the op-code is 24, an input is obtained from a certain input device, and the input word is stored
into register ra. The input device is selected by specifying its address through the constant C2.

(op<4..0>=24) : R[ra] < I0[C2],

Unconditional branch (jump)lf the op-code is 25, an output (the register ra value) is sent to an
output device (where the address of the output device is specified by the constant C2).
(op<4..0>=25) : IO[C2] — R([ra],

Miscellaneous instructions

Some more instruction included in the FALCON-A are
IE = (

The no-operation (nop) instruction, if the op-code is 21. This instructs the processor to do
nothing.

(op<4..0>=21): :

If the op-code is 31, setting the run bit to O halts the processor.

(op<4..0>=31) : Run « 0, Halt the processor (halt)

At the end of this concurrent list of instructions, there is an instruction i.F (the instruction fetch).
Hence when an instruction is executed, the next instruction is fetched, and the cycle continues,
unless the processor is halted.

); iF);
Note: For Assembler and Simulator Consult Appendix.

IN€ EAGLE

(Original version)

Another processor that we are going to study is the EAGLE. We have developed two versions of
it, an original version, and a modified version that takes care of the limitations in the original
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version. The study of multiple processors is going to help us get thoroughly familiar with the
processor design, and the various possible designs for the processor. However, note that these
machines are simplified versions of what a real machine might look like.

Introduction Jmpcvdcmt

The EAGLE is an accumulator-based machine. It is a simple processor that will help us in our
understanding of the processor design process. EAGLE is characterized by the following:

Questiovv +  Eight General Purpose Registers of the CPU. These are named RO, R1...R7. Each
register is 16-bits in length.

Two 16-bit system registers transparent to the programmer are the Program Counter

gPC) and the Instruction Register (IR). (Being transparent to the programmer implies
he programmer may not directly manipulate the values to these registers. Their usage

is the same as in any other processor)
Memory word size is 16 bits

The available memory space size is 21° bytes _
Memory organization is 2*° x 8 bits. This means that there are 2'® memory cells, each
one byte long.

Memory is accessed in 16 bit words (i.e., 2 byte chunks)
Little-endian byte storage is employed.

brackets, preceded by ‘M’, lets us refer to LS Bt
memory contents. Hence M [8] means MEEME =
contents of memory location 8.

As little endian storage is employed, a \_’-’/

memory word at address X is defined as the 16 bits at address x +1 and x. For instance, the bits
at memory location 9,8 define the memory word at location 8. So employing the special notation
for 16-bit memory words, we have

M [8]<15...0>:=M [9]OM [8]

Where © is used to represent concatenation

Programmer’s View of the [T7s — "o T
| ro 7 0 7 0
EAGLE | Ri I 0
The programmer’s view of the | : : 1
EAGLE processor is shown by |rT[ 1 2
means of the given figure. [ Register file |
EAGLE: Notation : |
Let us take a look at the notation that |
will be employed for the study of the : R 1] 2161
EAGLE. i }
Enclosing the register name insquare — — ~ oo, T —_ G
brackets refers to register contents; for 8 . "
|Fr;§tance, R[3] means contents of register E q i ORETHE LG
' 1 h[5] 15 a7 0

Enclosing the location address in square é‘ [ WME] | M5 |

=

L

EAGLE Features
The following features characterize the EAGLE.

«_Instruction length is variable. Instructions are either 8 bits or 16 long, i.e., instruction
size is either 8-bits or 16-bits.

The instructions may have either one or two operands.
The only way to access memory is through load and store instructions.

Limited addressing modes are supported
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EAGLE: Instruction Formats
There are five instruction formats for the EAGLE. These are

lype £ Instruction Format

The £ tormat Instructions are halt-word (1 byte) 7 0
instructions, containing just the op-code field of 8 bits, as Type Z opcode
shown

Type Y Instruction Format 7 32 0
The type Y instructions are also half-word. There iSan  Type ¥ | opcode ra

op-code field of 5 bits, and a register operand field ra.

Type X Instruction Format 765 3.2 0

Type X instructions are also half-word in tructions, witha  1ype X |opcode| ra | b

2-bit op-code field, and two 3-bit operand register fields, as

shown. Type W instruction format " .
8

The instructions in this type are 1-word

(16-bit) in length. 8 bits are reserved for Type W| ppeodd | Constant

the op-code, while the remaining 8 bits form the constant (immediate value) field.

TypeV instruction format
Type V instructions are also 1-word 12 1l 27 2

Type‘i.fl opcode I ra | constant

instructions, containing an op-code
field of 5 bits, an operand register field
of 3 bits, and 8bits for a specifying a constant.

Encoding of the General Purpose Registers

The encoding for the eight Register Code Register Code

GPRs is shown in the table.

These binary codes are to be RO 000 =T 100

used in place of the ‘place-

holders’ ra, rb in the actual R aa1 R5 101

instructions of the processor

EAGLE. R2 010 RE 110
R3 011 R7 111

Listing of EAGLE instructions with respect to instruction formats

The following is a brief introduction to the various instructions of the processor EAGLE,
categorized with respect to the instruction formats.

TypeZ
There are four type Z instructions,
halt(op-code=250)
This instruction halts the processor
_(op-code=249)
nop, or the no-operation instruction stalls the processor for the time of execution of a
single instruction. It is useful in pipelining.
(op-code=251)
This instruction is used to initialize all the registers, by setting them to 0
(op-code=248)
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This instruction is used to initialize the processor to a known state.In this instruction the
control step counter is set to zero so that the operation begins at the start of the instruction
fetch and besides this PC is also set to a known value so that machine operation begins at
a known instruction.

Type Y
Seven instructions of the processor are of type Y. These are
add(op-code=11)
The type Y add instruction adds register ra’s contents to register RO. For example, add r1
In the behavioral RTL, we show this as
R[0] < R[1]+R][0]

This instruction obtains the logical AND of the value stored in register specified by field
ra and the register RO, and assigns the result to RO, as shown in the example:
and r5

which is represented in RTL as R[0] — R[1]&R][0]

This instruction divides the contents of register RO by the value stored in the register ra,
and assigns result to RO. The remainder is stored in the divisor register, as shown in
example,

div r6

In RTL, this is

R[0] < R[O}/R[6]

R[6] < R[0]%R[6]

mul (op-code = 15)

This instruction multiplies the values stored in register RO and the operand register, and
assigns the result to RO). For example,

mul r4

In RTL, we specify this as R[0] — R[0]*R[4]

The not instruction inverts the operand register’s value and assigns it back to the same
register, as shown in the example

not ré

R[6] < ! R[6]

or (op-code=21)

The or instruction obtains the bit-wise OR of the operand register’s and R0’s value, and
assigns it back to RO. An example,

orrd

R[0] < R[0] ~ R[5]

sub (op-code=12)

The sub instruction subtracts the value of the operand register from RO value, assigning it
back to register RO. Example:

sub r7

In RTL: R[0] « R[0] - R[7]

Page 110 Join VU Group: https://chat.whatsapp.com/HwjquWyPQoJ6w8J2UOhjij



https://chat.whatsapp.com/HwjquWyPQoJ6w8J2UOhjij

Type X

glr;e instruction falls under this type. It is the ‘mov’ instruction that is useful for register

Larll

Onlg_/I

Advance Computer Architecture - CS501

movV (op-code = 0)

The contents of one register are copied to the destination register ra.
Example: mov r5, rl

RTL Notation: R[5]< R[1]

Type W
Again, only one instruction belongs to this type. It is the branch instruction

br (op-code = 252)

This is the unconditional branch instruction, and the branch target is specified by the 8-bit
immediate field. The branch is taken by incrementing the PC with the new value. Hence
it is a ‘near’ jump. For instance,

br 14

PC — PC+14

Most of the instructions of the processor EAGLE are of the format type V. These are

addi (op-code = 13)

The addi instruction adds the immediate value to the register ra, by first sign-extending
the immediate value. The result is also stored in the register ra. For example,

addir4, 31

In behavioral RTL, this is

R[4] < R[4]+(8ac<7>)Oc<7...0>;

andi (op-code = 20)

Logical ‘AND’ of the immediate value and register ra value is obtained when this
instruction is executed, and the result is assigned back to register ra. An example, andi r6,
1

R[6] «— R[6] &1

in (op-code=29)

This instruction is to read in a word from an 10 device at the address specified by the
immediate field, and store it in the register ra. For instance,

inrl, 45

In RTL this is

R[1] < 10[45]

load (op-code=8)

The load instruction is to load the memory word into the register ra. The immediate field
specifies the location of the memory word to be read. For instance,

load r3, 6

R[3] « M[6]

brn (op-code = 28)

Upon the brn instruction execution, the value stored in register ra is checked, and if it is

negative, branch is taken by incrementing the PC by the immediate field value. An
example is

brnr4, 3

In RTL, this may be written as if R[4]<0, PC < PC+3

brnz (op-code = 25)

For a brnz instruction, the value of register ra is checked, and if found non-zero, the PC-
relative branch is taken, as shown in the example,

brnz r6, 12 Which, in RTL is

if R[6]!=0, PC «— PC+12
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brp (op-code=27)

brp is the ‘branch if positive’. Again, ra value is checked and if found positive, the PC-
relative near jump is taken, as shown in the example:

brp rl, 45

In RTL this is

if R[1]>0, PC « PC+45

brz (op-code=8)

In this instruction, the value of register ra is checked, and if it equals zero, PC-relative
branch is taken, as shown,

brzr5, 8

In RTL:

if R[5]=0, PC — PC+8

loadi (op-code=9)

The loadi instruction loads the immediate constant into the register ra, for instance,
loadi 5,54 R[5] « 54

ori (op-code=22)

The ori instruction obtains the logical ‘OR’ of the immediate value with the ra register
value, and assigns it back to the register ra, as shown,

orir7,11 InRTL,

R[7] < R[7]~11

out (op-code=30)

The out instruction is used to write a register word to an 10 device, the address of which is
specified by the immediate constant. For instance,

out 32, 15

In RTL, this is represented by 10[32] < R[5]

shiftl (op-code=17)

This instruction shifts left the contents of the register ra, as many times as is specified
through the immediate constant of the instruction. For example: shiftl r1, 6

shiftr( op-code=18)

This instruction shifts right the contents of the register ra, as many times as is specified
through the immediate constant of the instruction. For example: shiftr r2, 5

store (op-code=10)

The store instruction stores the value of the ra register to a memory location specified by
the immediate constant. An example is,

store r4, 34

RTL description of this instruction is M[34] < R[4]

subi (op-code=14)

The subi instruction subtracts the immediate constant from the value of register ra,
assigning back the result to the register ra. For instance,

subi r3, 13

RTL description of the instruction
R[3] < R[3]-13
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(ORIGINAL) ISA for the EAGLE

(16-bit registers, 16-bit PC and IR, 8-bit memory)

opcode  joperandljoperand2iconstant IB
mnemonic [Format [Behavioral RTL
B bits B bits 8 bits
add 01011 I'a - - Y R [0] < R [ra]+R [0]:
addi 01101 ra - c v R [ra] < R [ra]+(8aec<7>)Oc;
and 10011 ra - - Y R[0] — R[ra]&R][0]:
andi 10100 ra - c \ R [ra] < R [ra]& (8ac<7>)Cc:
br 11111100 | - . W PC <« PCH(8ac<7>)Cc;
brnv 11100 ra L i IV (R [ra]=0): PC < PC+(8uc<7>)©
brnz 11001 ra - c / (R [ra]==0): PC «— PC+(8ac
brpl 11011 ra - c |V (R [ra]=0): PC «— PCH(8ac<7>)Qc;
brzr 11010 ra - c [\ (R [ra]=0): PC «— PCHBauc<7>)@c;
div 10000 ra - - Y R [0] < R JO]/R [a]. R [ra] <R [0]%R [ra].
halt 11111010 } - - 7 RUN<—0;
in 11101 ra - c [\ R [ra] <—IOJc¢]:
init 11111011 | - - / R[7...0] < 0;
load 1000 a - c [\ R [ra] <—M]c]:
loadi 1001 Ia - c [V R [ra] < (8uc<=7>)@c:
mov 0 ra b - X R [ra] < R [rb]:
imul 1111 ra - - Y R [ra] © R [10] < R [ra]*R [0]:
nop 11111001 | - - 7 :
ot 10111 ra - - Y R [ra] <! (R [ra]):
or 10101 ra - - Y R [0] < R [ra]~R [0]:
ori 10110 ra - C v R [ra] < R [ra]~ (8oc<7=)Cc;
out 11110 ra - C [V I0[c] <R [ra]:
reset 11111000 | - - 7 TBD:
shiftl 10001 ra - c [V R [ra] < R [ra]<(7-n)..0>@©(nu0):
shiftr 10010 ra - C [V R [ra] «— (no0)CR [ra]<7..n>:
store 1010 ra - c [V M[c]— R [ra]:
sub 1100 ra - - Y R [0] < R [0]-R [a]:
subi 1110 ra - C [V R [ra] < R [ra]- (8ac<7>)@c;
Important
Symbol | Meaning Symbol Meaning
a Replication % Remainder after integer division
© Concatenation & Logical AND
Conditional constructs (IF-THEN) ~ Logical OR
; Sequential constructs ! Logical NOT or complement
y Concurrent constructs — LOAD or assignment operator
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Limitations ot the ORIGINAL EAGLE ISA

The original 16-bit ISA of EAGLE has severe limitations, as outlined below.

1. Use oT RU as accumuilator
In most cases, the register RO is being used as one of the source operands as well as the
destination operand. Thus, RO has essentially become the accumulator. However, this will
require some additional instructions for use with the accumulator. That should not be a problem
since there are some unused op-codes available in the ISA. Unequal and inefficient op-code
assignment

The designer has apparently tried to extend the number of operations in the ISA by op-code
extension. Op-code 11111 combine three additional bits of the instruction for five instructions:
unconditional branch, nop, halt, reset and init.while there is a possibility of including three more
instructions in this scheme, notice that op-code 00 for register to register mov is causing a “loss”
of eight “slots” in the original 5-bit op-code assignment. (The mov instruction is, in effect, using
eight op-codes). A better way would be to assign
a  5-bit op-code to mov and use the remaining op-codes for other instructions. Number of the
operands
Looking at the mov instruction again, it can be noted that this is the only instruction that uses
two operands, and thus requires a separate format (Format#1) for instruction enoding. If the job
of this instruction is given to two instructions (copy register to accumulator, and copy
accumulator to register), the number of instruction formats can be reduced thereby, simplifying
the assembler and the compiler needed for this ISA.

2. Use of registers for branch conditions
Note that one of the GPRs is being used to hold the branch condition. This would require that the
result from the accumulator be copied to the particular GPR before the branch instruction.
Including flags with the ALSU can eliminate this restriction

The Modified EAGLE

The modified EAGLE is an improved version of the processor EAGLE. As we have already
discussed, there were several limitations in EAGLE, and these have been remedied in the
modified EAGLE processor.

Introduction

The modified EAGLE is also an accumulator-based processor. It is a simple, yet complex
enough to illustrate the various concepts of a processor design. The modified EAGLE is
characterized by

A special purpose register, the 16-bit accumulator: ACC
8 General Purpose Registers of the CPU: RO, R1, ..., R7; 16-bits each

Two 16-bit system registers transparent to the programmer are the Program Counter (PC)
and the Instruction Register (IR).

Memory word size: 16 bits
Memory space size: 7 bytes

Memory organization: 216 x 8 bits
Memory is accessed in 16 bit words (i.e., 2 byte chunks)

Little-endian byte storage is employed

Programmer’s View of the Modified EAGLE
The given figure is the programmer’s view of the modified EAGLE processor.
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Notation

The notation that is employed for the [~~~ "¢ ]

study of the modified EAGLE is the | gro | 7 0 7
same as the original EAGLE processor. : R1 | ?
Recall _that we kI‘IO\{V that: _ | | 5
Enclosing the register name in square | Regiserfile |

brackets refers to register contents; for | |

instance, R [3] means contents of register |acel ] :

R3. | R ] | 216_4
Enclosing the location address in square : PC I

brackets, preceded by ‘M’, lets us refer —— — — ———— !

to memory contents. Hence M [8] DA MiaIn memoaty InpULOupLE

means contents of memory location 8.
As little endian storage is employed, a memory word at address x is defined as the 16
bits at address x+1 and x. For instance, the bits at memory location 9,8 define the
memory word at location 8. So employing the special notation for 16-bit memory words,
we have

MI8]<15...0>=M[9]OM[8] % 0 ! M[E] i One instruction
Where © is used to represent concatenation = WG] i e :
The memory word access and copy to a & e [ WE |
ister i i i =

register is shown in the figure. 5 MSByte LS Byte
Features : uv
The following features characterize the
modified EAGLE processor.

Instruction length is variable. Instructions

are either 8 bits or 16 long, i.e., 7 32 O

INSTFUCTION SIZ€ IS eItner NAITaWOrad or L Type 7 | opcode unused

wora.

. . . 7 32 0

The instructions may have either one or

two operands. Type Y |opcode s

The only way to access memory is 15 11087

through load and store instructions

Type X I opcode I ra I constant
Limited addressing modes are supportec
Note that these properties are the same as the 1 1110 8.7
original EAGLE processor Type W l opcode lunusedl constant

Instruction formats
There are four instruction format types in the modified EAGLE processor as well. These are

Register Code Register Code
RO ooa R4 100
R1 oo R5 101
R2 010 R& 110
F3 011 R 111
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Encoding of the General Purpose Registers

The encoding for the eight GPRs is shown in the table. These are binary codes assigned to the
registers that will be used in place of the ra, rb in the actual instructions of the modified processor
EAGLE.

ISA for the Modified EAGLE

(16-bit registers. 16-bit ACC, PC and IR, 8-bit wide memory. 256 I/O ports)

l]\-Inemonic Op-code g)lﬂ::and;?]liltimml?ormat IBehavioral RTL
Unused 00111
hddi 00100 ra C1 X ACC — R[ra] +(8aC1<7>)©C1:
subi 00101 ra C1 X ACC <— RJra] - (8uC1<7>)©Cl;
shittl 01010 ra C1 X R[ra] < RJra]<(15-n)..0>©(na0):
shiftr 01011 ra C1 X Rfra] < (na0)©R[ra]<15...n>;
andi 01100 ra C1 X ACC < RJra] & (8aC1<7>)@C]1.
ori 01101 ra C1 X ACC < RJra] ~ (8aC1<7>)©C]:
st 01110 ra C1 X R[ra] < (noR[ra}<15>)©R[ra]<15..n>;
in 10001 ra C1 X R[ra] <IO[C1]:
Idacc 10010 ra C1 X ACC <MJ[R]ra] +(8aC1<7=>)@Cl]:
movir 10100 ra C1 X Rfra] < (8aCl<7>)©CI;
out 10101 ra C1 X IO[C1] < R]ra]:
stacc 10111 ra C1 X MJR[ra] +(8aC1<7>)@C1]<— ACC:
movia 10011 C1 (W ACC «— (8aCl1<7>)©CI:
br 11000 - C1 (W PC —PC + 8aC1<7>)@CI:
brn 11001 C1 W (S=1): PC <— PC+(8uC1<7> )CCI
brnz 11010 C1 W (Z=0): PC «— PC+(8uC1<7>)©
brp 11011 C1 W (S=0): PC < PC+(8aC1<7 :
brz 11100 C1 W (Z=1): PC — PC+(8aC 1=:Z7i1=>)'1.€,('1:
add 00000 ra - Y ACC < ACC + RJral:
sub 00001 ra - Y ACC «— ACC - RJa]:

ACC < (R[ra] ©ACC)/R[a].
div 00010 ra - Y

R[ra] < (R[ra] ©ACC)%R][a]:
mul 00011 ra - Y R[ra] © ACC < Rfra]*ACC:
and 01000  fa - Y ACC — ACC & Rjra]:
or 01001 ra - Y ACC — ACC ~ R]ral:
ot 01111 ra - Y ACC — !( R]ra]):
a2r 10000  fra - Y RJra] — ACC
22 10110 ra Y ACC < R]ra]
cla 00110 7 ACC —0:
halt 11101 - - 7 RUN<— 0;
nop 11110 - - 7 :
eset 11111 - Z TBD:
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Impartant

Symbol |Meaning Symbol  |[Meaning

a Replication % Remainder after integer division

© Concatenation & Logical AND

: Conditional constructs (IF-THEN) = Logical OR

; Sequential constructs ! Logical NOT or complement

, Concurrent constructs — LOAD or assignment operator
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The FALCON-E
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THE FALCON-E

Introduction
e .- . e We
are already familiar with our example processor, the FALCON-A, which was the first version of
the FALCON processor. In this section we will develop a new version of the processor. Like its
predecessor, the FALCON-E is a General-Purpose Register machine that is simple, yet is able to
elucidate the fundamentals of computer design and architecture.
The FALCON-E is characterized by the following

Eight General Purpose Registers

(GPRs), named RO, R1...R7. Each mTTw T 0 g 8 = ;
registers is 4 bytes long (32-bit | RO |
registers). 1 :
|

Two special purposes registers, L) — | g
named BP and SP. These registers | Reglaernre i
are also 32-bit in length. L |

: : A I
Two special registers, the Program | ] | 292,
Counter (PC) and the Instruction | o |
ReQISter (IR) PC pOIntS to the neXt : CPU : Main memory Input/Outp ut
instruction to be executed, and the = ~---------—- e _
I NOIAas tne current istructon. F|g Programmer’s View

Memory word size is 32 bits (4 bytes).

Memory space is 232 bytes

Memory is organized as 1-byte cells, and hence it is 232 x 8 bits.

Memory is accessed in 32-bit words (4-byte chunks, or 4 consecutive cells)
Byte storage format is little endian.

Programmer’s view of the FALCON-E
The programmer’s view of the FALCON-E
is shown in the given figure.

Register contents are referred to in a similar

fashion as the FALCON-A, i.e. the register \u/v

name in square brackets. So R[3] means Fig. FALCON-E Notation
contents of register R3.

FALCON-E Notation % o i g One memory “word”
We take a brief look at the notation that we So [y B BEes TR o
will employ for the FACLON-E. 5 I ) O L L
= M5 Byte LS Byte
4
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Memory contents (or the memory location) can be referred to in a similar way. Therefore, M[8]
means contents of memory location 8.

i | in tf IS means that the least
significant byte is stored first (or the little end comes first!). For instance, a memory word at
address 8 is defined as the 32 bits at addresses 11, 10, 9, and 8 (little-endian). So we can employ
a special notation to refer to the memory words. Again, we will employ © as the concatenation
operator. In our notation for the FALCON-E, the memory word stored at address 8 is represented
as:

M[8]<31...0>:=M[11]©OM[10]OM[9]OM]8]
The shown figure will make this easier to understand.
FALCUN-E Features
The following features characterize the FALCON-E
Fixed instruction size, which is 32 bits. So the instruction size is 1 word.

All ALU instructions have three operands

+ Memory access is possible only through the load and store instructions. Also, only a
MCQé limited addressing modes are supported by the FALCON-E

FALCON-E Instruction Formats
Four different instruction formats are supported by the FALCON-E. These are

Type A instructions
The type A instructions have 5 bits reserved for the operation code (ab reviated op-code), and
the rest of the bits are either not used or specify a displacement.
3l 2T 26 0
Type A Opeode Displacement /Mot Used

Type B instructions

The type B instructions also have 5 bits (27 through 31) reserved for the op-code. There is a

register operand field, ra, and an immediate or displacement field in addition to the op-code field.
31 726 2423 0

Typ e B Opoode ra Displacerernt § Tnomed 1ate

Type C instructions
Type C instructions have the 5-bit op-code field, two 3-bit operand registers (rb is the source
register, ra is the destination register), a 17-bit immediate or displacement field as well as a 3-bit
function field. The function field is used to differentiate between instructions that may have the
same op-code, but different operations.

31 2726 2423 2120 0

Type C Opeode ra th Displacement / Inomediate

Type D instructions ) ) ) ) ]
I'ype D Instructions have the 5-bit op-code field, three 3-bit operand registers, 14 bits are unused.
and a 3-pit runction Tield

3l 2725 2423 2110 1817 43 ]
Type D Crpeode ra th re Umsed fire

Encoding for the General Purpose Registers (GPRS)

In the instruction formats discussed above, we used register operands ra, rb and rc. It is important
to know that these are merely placeholders, and not the real register names. In an actual
instruction, any one of the 8 registers of our general-purpose register file may be used. We need
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to encode our registers so we can refer to them in an instruction. Note that we have reserved 3
bits for each of the register field. This is because we have 8 registers to represent, and they can

be completely represented by 3 bits, since 23=18. The following table shows the binary encoding
of the general-purpose registers.

Register Code Register Code
RO oon R4 100
R1 001 RS 101
R2 010 R6 110
F3 011 =) 111

Fig. Encoding of the GPRs

There are two more special registers that we need to represent; the SP and the BP. We will use
these registers in place of the operand register rb in the load and store instructions only, and
therefore, we may encode these as

Regisier Code
1y L)
EP 001

Fig. Special Registers Encoding

Instructions, Instruction Formats

The following is a brief introduction to the various instructions of the FALCON-E, categorized
with respect to the instruction formats.

Type A instructions MC

3
Four instructions of the FALg)N-E belong to type A. These are
+ nop (op-code = 0)

This instruction instructs the processor to do nothing. It is generally useful in pipelining.
We will study more on pipelining later in the course.

ret (op-code = 15)
The return instruction is used to return control to the normal flow of a program after an
interrupt or a procedure call concludes

iret (op-code = 17,

The iret instruction instructs the processor to return control to the address specified by
the immediate field of the instruction. Setting the program counter to the specitied

aaaress returns control.
near jmp (op-code = 18)
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A near jump is a PC-relative jump. The PC value is incremented (or decremented) by the
immediate field value to take the jump.

Type B instructions
Five instructions belong to the type B format of instructions. These are:
push (op-code = 8)
This instruction is used to push the contents of a register onto the stack. For instance, the
instruction,
push R4
will push the contents of register R4 on top of the stack

The pop instruction is used to pop a value from the top of the stack, and the value is read
into a register. For example, the instruction

pop R7

will pop the upper-most element of the stack and store the value in register R7

This instruction with op-code (10) loads a memory word from the address specified by
the immediate filed value. This word is brought into the operand register ra. For example,
the instruction,

Id R7, 1254h

will load the contents of the memory at the address 1254h into the register R7.

st (op-code = 12)

The store instruction of (opcode 12) stores a value contained in the register operand into
the memory location specified by the immediate operand field. For example, in

st R7, 1254h

the contents of register R7 are saved to the memory location 1254h.

Type C instructions

There are four data transfer instru tions, as well as nine ALU instructions that belong to type C
instruction Tormat ot the FALCUN-E. The data transfer instructions are

The load instruction with op-code (4)loads a register from the memory, after calculating
the address of the memory location that is to be accessed. The effective address of the
memory location to be read is calculated by adding the immediate value to the value
stored by the register rb. For instance, in the example below, the immediate value 56 is
added to the value stored by the register R4, and the resultant value is the address of the
memory location which is read

Ids R3, R4(56)

In RTL, this can be shown as

R [3] — M[R [4]+56]

This instruction is used to store the register contents to the memory location, by first
calculating the effective memory address. The address calculation is similar to the lds
instruction. An example:

sts R3, R4 (56)

In RTL, this is shown as

M[R [4]+56] ~ R[3]
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This instruction is to load a register from an input/output device. The effective address of
the 1/0 device has to be calculated before it is accessed to read the word into the
destination register ra, as shown in the example:

in R5, R4(100)

In RTL:

R[5] — IO[R[4]+100]

out (op-code =7)

This instruction is used to write / store the register contents into an input/output device.
Again, the effective address calculation has to be carried out to evaluate the destination 1/O
address before the write can take place. For example,

out R8, R6 (36)

RTL representation of this is IO[R [6]+36] — R [8]

(op-code = 2)
The addi instruction is to add a constant to the value of operand register rb, and assign the
result to the destination register ra. For example, in the following instruction, 56 is added
to the value of register R4, and result is assigned to the register R3.
addi R3, R4, 56

In RTL this can be shown as R[3] — R[4]+56
Note that if the immediate constant specified was a negative number, then this would
become a subtract operation.
(op-code = 2)
This instruction is to calculate the logical AND of the immediate value and the rb register
value. The result is assigned to destination register ra. For instance
andi R3, R4, 56
R[3] — R[4]&56
Note that the logical AND is represented by the symbol ‘&’
ori (op-code = 2)
This instruction calculates the logical OR of the immediate field and the value in operand
register rb. The result is assigned to the destination register ra. Following
is an example:
ori R3, R4, 56
The RTL representation of this instruction:
R [3] — R[4]~56
Note that the symbol ‘~’ is used to represent logical OR.

Type D Instructions

s that belong to this instruction format type are the ALU instructions
shown below. There are other instructions of this type as well, listed in the tables at the end of
this section.

This instruction is used to add two numbers. The numbers are stored in the registers
specified by rb and rc. Result is stored into register ra. For instance, the instruction, add
R3, R5, R6

adds the numbers in register R5, R6, storing the result in R3. In RTL, this is given by R
[38] — R[5] + R [6]

sub (op-code = 1)

This instruction is used to carry out 2’s complement subtraction. Again, register
addressing mode is used, as shown in the example instruction
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sub R3, R5, R6
RTL representation of this is R[3] — R[5] - R[6]
a

For éa'rrying out I'ogical AND operation on the values stored in registers, this instruction
is employed. For instance
and R8, R3, R4

In RTL, we can write thisas R [8] — R [3] & R [4]

For évaluating Ibgical OR of values stored in two registers, we use this instruction. An
example is

or R8, R3, R4
In RTL, this is

RI[8] —R[3]1~RI[4]

Falcon-E Instruction Summary

The following are the tables that list the instructions that form the instruction set of the
FALCON-E. These instructions have been grouped with respect to the functionality they
provide.

Opcode Function
Control Instructions | Mnemonic

Dec Bin Dec | Bin

Mo Operation nop 0 00000 -

Fig. Control Instructions

::;?:::;::’?1 d e Dpcude_ Funcﬂofl
Dec Bin Dec Bin
Add add 1 ooom 0 0ooo
Add Immediate addi 2 ooo10 0 0ooo
Subtract sub 1 oooom 1 ooo1
Subtract Immediate subi 2 00010 1 ooo1
Multiply rrul 1 ooom 2 0010
hultiply Immediate miuli 2 00010 2 0010
Divide div 1 ooom 3 0011
Divide Immediate divi 2 ooo10 3 0011

Fig. Arithmetic Instructions
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Opcode Function
Mnemonic i .

Data Transfer Instructions Dec Bin Dec Bin

Move Immediate to GPR movi 3 00011 -

Load Special Purpose

Register from GPR Ids 4 00100 -

Store Special Purpose

Register to GPR st 5 00101 E

Load Register from 10 in 6 00110 -

Store Registerto |10 out 7 001

Push GPR to Stack push 8 01000

Pop GPR from Stack pop 9 010M

Load GPR from Memory )

(Direct Addressing) d 10 01010

Load GPR from Memory

(Displacement Addressing) d 11 01011 .

Store GPR to Memory (Direct )

Addressing) st 12 01100

Store GPR to Memory

{Displacement Addressing) st 13 01101 .

Fig. Data Transfer Instructions
Opcode Function
Procedure .
Callsinterrupts Mnemonic
Dec Bin Dec Bin

Call call 14 01110 -
Return ret 15 o111 -
Interrupt int 16 10000 -
Interrupt Return iret 17 1000 -

Fig. Procedure Calls/Interrupts
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Opcode Function

Branch Instructions Mnemonic - 2
Dec Bin Dec Bin

MNear Jump (Relative) jmp 18 10010 %
FarJump (Direct) jrmp 19 10011 -
Branch If Egqual (Relative) bre 20 10100 0 oooo
Branch If Egual (Direct) bre 21 10101 0 0000
Branch If Mot Equal (Relative) bne 20 10100 1 0001
Branch If Not Equal (Direct) bne 21 1010 1 ano1
Branch If Less (Relative) ] 20 10100 yi an1o
Branch If Less (Direct) ] 21 1010 2 an1o
Branch If Greater (Relative) bg 20 10100 3 ant11
Branch If Greater {(Direct) hg A | 101M 3 o011

Fig. Branch Instructions

Instruction Set Architecture Comparison
In this lecture, we compare the instruction set architectures of the various processors we have
described/ designed up till now. T

EAGLE

FALCON-A

FALCUN-E

SRC
Classifying Instruction Set Architectures
In the design of the ISA, the choice of some of the parameters can critically affect the code
density (which is the number of instructions required to complete a given task), cycles per
instruction (as some instructions may take more than one clock cycle, and the number of cycles
per instruction varies from instruction to instruction, architecture to architecture), and cycle time
(the total cycle time to execute a given piece of code). Classification of different architectures is
based on the following parameters.

Operand storage in CPU | Where are they stored other than memory?

Mumber of explicit One, two of three operands?

operands in an

instruction

Addressing Modes How the effective address for operands 15
calculated?

Operations What operation are possible and what are the
choices for the opcodes?

Type and size of How the size is specified for operands?

operands,

Fig. ISA Comparison Parameters
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Instruction Length

With reference to the instruction lengths in a particular 1ISA, there are two decisions to be made;
whether the instruction will be fixed in length or variable, and what will be the instruction length
or the range (in case of variable instruction lengths).

Fixed versus variable

Fixed instruction lengths are desirable when simplicity of design is a goal. It provides ease of
implementation for assembling and pipelining. However, fixed instruction length can be wasteful
in terms of code density. All the RISC machines use fixed instruction length format

Instruction Length

The required instruction length mainly depends on the number of instruction required to be in the
instruction set of a processor (the greater the number of instructions supported, the more bits are
required to encode the operation code), the size of the register file (greater the number of
registers in the register file, more is the number of bits required to encode these in an
instruction), the number of operands supported in instructions (as obviously, it will require more
bits to encode a greater number of operands in an instruction), the size of immediate operand
field (the greater the size, the more the range of values that can be specified by the immediate
operand) and finally, the code density (which implies how many instructions can be encoded in a
given number of bits). A summary of the instruction lengths of our processors is given in the
table below.

FEAGLE \/ leL%/. ON-A FALC\/ANE SRC /
Variable Fixed Fixed Fixed
8 bits or 16 bits | 16 bits 32 bits 32 bits
— —— iR g

Fig. Instruction Length
Instruction types and sub-types
The given table summarizes the number of instruction types and sub-types of the processors we

have studied. We have already studied these instruction types, and their sub-types in detail in the
related sections.

FAGLE | FALCON-A | FALCON-E | SRC
Types 4 4/ 4 4
Sub-t .

es |- 2 4 3

Number of operands in the instructions

The number of operands that may be required in an instruction depends on the type of operation
to be performed by that instruction; some instruction may have no operands, other may have up
to 3. But a limit on the maximum number of operands for the instruction set of a processor needs
to be defined explicitly, as it affects the instruction length and code density. The maximum
number of operands supported by the instruction set of each processor under study is given in the
given table. So FALCON-A, FALCON-E and the SRC processors may have 3, 2, 1 or no
operands, depending on the instruction. EAGLE has a maximum number of 2 operands; it may
have one operand or no operands in an instruction.
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EAGLE |FALCON-A |FALCON-E SRC

2 v 3 3 3

Fig. Number of Operands per instructions

Explicit operand specification in an instruction gives flexibility in storage. Implicit operands like
an accumulator or a stack reduces the instruction size, as they need not be coded into the
instruction. Instructions of the processor EAGLE have implicit operands, and we saw that the
result is automatically stored in the accumulator, without the accumulator being specified as a
destination operand in the instruction.

Number and Size of General Purpose Registers

While designing a processor, another decision that has to be made is about the number of
registers present in the register file, and the size of the registers.

Increasing the number of registers in the register file of the CPU will decrease the memory
traffic, which is a desirable attribute, as memory accesses take relatively much longer time than
register access. Memory traffic decreases as the number of registers is increased, as variables are
copied into the registers and these do not have to be accessed from memory over and over again.
If there is a small number of registers, the values stored previously will have to be saved back to
memory to bring in the new values; more registers will solve the problem of swapping in,
swapping out. However, a very large register file is not feasible, as it will require more bits of the
instruction to encode these registers. The size of the registers affects the range of values that can
be stored in the registers.

The number of registers in the register file, along with the size of the registers, for each of the
processors under study, is in the given table.

EAGLE FALCON-A |FALCON-E |SRC

Eight Eight Eight Thirty-two
registers, registers, |registers, [registers

16-hit wide |16 bit wide |32.bit wide [32-bit wide

Fig. Number and size of GPRS

Memory specifications

Memory design is an integral part of the processor design. We need to decide on the memory
space that will be available to the processor, how the memory will be organized, memory word
size, memory access bus width, and the storage format used to store words in memory. The
memory specifications for the processor under comparison are:

Memory EAGLE FALCON-A | FALCON-E SRC
Specs.

Memory 21 5} 216 232 232

Space _—

Memory 216* 8 216 *g 232 * g 232 *q

Organization

i B9 16 bit | 16 bit | 32 bit | 32 bit

Mamory 16 bits | 16 bits | 32 bits | 32 bits

Access

Memory Little-Endian | Big Endian | Little-Endian | Big Endian
Storage

Fig. Memory Specifications
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Data transfer instructions

Data needs to be transferred between storage devices for processing. Data transfers may include
loading, storing back or copying of the data. The different ways in which data transfers may take
place have their related advantages and disadvantages. These are listed in the given table.

Data Transfer |Advantage Disadvantage

Register to Simple, faster, constant CPI, | Higher instruction

Redgister Easier to pipeline. count, longer program
codes

Register to Separate load instruction Variable CPI due to

Memory eliminated, good code different operand

density locations

Memory to Most compact, small number | Variable CPI, variable

Memory of registers required instruction size,
memaory bottleneck.

Fig. Data Transfer Modes
Following are the data transfer instructions included in the instruction sets of our processors.

Register to register transfers

As we can see from the given table on the next page, in the processor EAGLE, register to register
transfers are of two types only: register to accumulator, or accumulator to register. Accumulator
is a special-purpose register.

FALCON-A has a mov instruction, which can be used to move data of any register to any other
register. FALCON-E has the instructions ‘lds’ and ‘sts” which are used to load/store a register
from/to memory after effective address calculation.

SRC does not provide any instruction for data movement between general-purpose registers.
However, this can be accomplished indirectly, by adopting either of the following two
approaches:

A register’s contents can be loaded into another register via memory. First storing the
content of a register to a particular memory location, and then reading the contents of the

memory from that location into the register we want to copy the value to can achieve this.
However, this method is very inefficient, as it requires memory accesses, which are
inherently slow operations.

A better method is to use the addi instruction with the constant set to O.

Data Transfer Instructions

Instructions EAGLE FALCON-A FALCON-E SRC

Register to azr, r2a mov lds, sts lar

Register {only from PC)
Register to Idacc, stacc | load, store Id, st Id, st

Memory

Memory to - - - -

Memory
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Register to memory

EAGLE has instructions to load values from memory to the special purpose register, names the
accumulator, as well as saving values from the accumulator to memory. Other register to
memory transfers is not possible in the EAGLE processor. FALCON-A, FALOCN-E and the
SRC have simple load, store instructions and all register-memory transfers are supported.
Memory to memory

In any of the processors under study, memory-to-memory transfers are not supported.

However, in other processors, these may be a possibility.

control FlIow Instructions

All processors have instructions to control the flow of programs in executlon The general
control flow Instructions available 1IN most processors are:

+ Branches (conditional)
+ Jumps (unconditional)
+  Calls (procedure calls)
+Returns (procedure returns)

Conditional Branches

Whereas jumps, calls and call returns changes the control flow in a specific order, branches
depend on some conditions; if the conditions are met, the branch may be taken, otherwise the
program flow may continue linearly. The branch conditions may be specified by any of the
fo~

condition coades 4//

Condition register
Comparison and branching

Condition codes

The ALU may contain some special bits (also called flags), which may have been set (or raised)
under some special circumstances. For instance, a flag may be raised if there is an overflow in
the addition results of two register values, or if a number is negative. An instruction can then be
ordered in the program that may change the flow depending on any of these flag’s values. The
EAGLE processor uses these condition codes for branch condition evaluation.

Condition register

A special register is required to act as a branch register, and any other arbitrary register (that is
specified in the branch instruction), is compared against that register, and the branching decision
is based on the comparison result of these two registers. None of the processors under our study
use this mode of conditional branching.

Compare and branch

In this mode of conditional branching, comparison is made part of the branching instruction.
Therefore, it is somewhat more complex than the other two modes. All the processors we are
studying use this mode of conditional branching.

Size of jJumps

Jumps are deviations from the linear program flow by a specified constant. All our processors,
except the SRC, support PC-relative jumps. The displacement (or the jump) relative to the PC is
specified by the constant field in the instruction. If the constant field is wider (i.e. there are more
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bits reserved for the constant field in the instruction), the jump can be of a larger magnitude.
Shown table specifies the displacement size for various processors.

Processor Displacement size

EAGLE 8 bits for both conditional and unconditional.

FALCON-A 8 hits for both conditional and unconditional.

FALCON-E 27 bits (unconditional jump),
mmltmnal jumps)

SRC 32 hits for both conditional and unconditional jumps.

Fig. Size of Jumps

Addressing Modes

All processors support a variety of addressing modes. An addressing mode is the method by
which architectures specify the address of an object they will access. The object may be a
constant, a register or a location in memory.

Common addressing modes are

An immediate field may be provided in instructions, and a constant value may be given in
this immediate field, e.g. 123 is an immediate value.

A register may contain the value we refer to in an instruction, for instance, register R4
may contain the value being referred to.

By direct addressing mode, we mean the constant field may specify the location of the
memory we want to refer to. For instance, [123] will directly refer to the memory
location 123’s contents.

A rég ister may contain the address of memory location to which we want to refer to, for
example, M [R3].

In this addressing mode, the constant value specified by the immediate field is added to
the register value, and the resultant is the index of memory location that is referred to,
e.g. M [R3+123]

Relative addressing mode implies PC-relative addressing, for example, [PC+123] will
refer to the memory location that is 123 words farther than the memory index currently
stored in the program counter.

Inoexeda or scaled

The values contained in two registers are added and the resultant value is the index to the
memory location we refer to, in the indexed addressing mode. For example, M
[[R1]+[R2]]. In the scaled addressing mode, a register value may be scaled as it is added
to the value of the other register to obtain the index of memory location to be referred to.
AUTO INCremenu aecrement

In the auto increment mode, the value held in a register is used as the index to memory
location that holds the value of operand. After the operand’s value is retrieved, the
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register value is automatically increased by 1 (or by any specified constant). e.g. M
[R4]+, or M [R4]+d. In the auto decrement mode, the register value is first decremented
and then used as a reference to the memory location that referred to in the instruction, e.g.
-M [R4].

As may be obvious to the reader, some of these addressing modes are quite simple, others are
relatively complex. The complex addressing modes (such as the indexed) reduce the instruction
count (thus improving code density), at the cost of more complex implementation.

The given table lists the addressing modes supported by the processors we are studying. Note
that the register-addressing mode is a special case of the relative addressing mode, with the
constant equal to 0, and only the PC can be used as a source. Also note that, in the shown table,
relative implies PC-relative.

EAGLE FALCON-A | FALCON-E SRC
Immediate Immediate Immediate Immediate
- Direct Direct
Register Register Register Register ®

Register Indirect

Register Indirect

Register Indirect

Fegister Indirect

Relative®™

Displacement

Displacement

Displacement

Displacement

Fig. Addressing Modes Comparison

Displacement addressing mode

We have already talked about the displacement-addressing mode. We look at this addressing
mode at length now.

The displacement-addressing mode is the most common of the addressing mode used in general

Size of displacement field

Processor Number of bits in displacement field

SRC 17 or 22 bits depending on the instruction type.
FALCON-E 21 or 24 bits depending on the instruction type.
FALCON-A 5 bits for load and store instruction

EAGLE 8 bits for Idacc and stacc instructions

purpose processors. Some other modes such as the indexed based plus index, scaled and register
indirect are all slightly modified forms of the displacement-addressing mode. The size of
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displacement plays a key role in efficient address calculation. The following table specifies the
size of the displacement field in different processors under study. The given table lists the size of
the immediate field in our processors.

Processor Number of bits in the immediate field

EAGLE & bits

FALCON-A |5 or 8 bits

FALCON-E 17 or 24 bits depending on the
instruction

SRC 17 or 22 bits

Fig. Immediate Field Bits Comparison

Instructions common to all Instruction Set Architectures
In this section we have listed the instructions that are common to the Instruction Set
Architectures of all the processors under our study.

ATIthmetic Instructions

add, addi & sub.

Logic Instructions

and, andi, or, orl, not.

SNITT INSTrUctIons.

Right shift, left shift & arithmetic right shift.

Data movement Instructions.
LOad ana Store Instructions.

Control INstructions
Conditional and unconditional branches, nop & reset.

The following tables list the assembly language instruction codes of these common instructions
for all the processors under comparison.

Common Arithmetic Instructions

Instruction |FAGLE |FALCON-A |[FALCON-E |SRC
Add add add add add
Add addi addi addi addi
lmmediate

Subtract sub sub sub sub
Subtract subi suln subi -
Immediate

Multiply mul mul mul -
Divide div div div E
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Common data movement Instructions

Instruction EAGLE FALCON-A FALCON-E SRC
Load Idace load Id Id
Store stacc store st st
Move mov mov -
Move immediate movi movi movi la
In in in in
Out out out out
Common Logical Instructions
Instruction |EAGLE |FALCON-A [FALCON-E |SRC
And and and and and
And andi andi andi andi
Immediate
Or or or or or
Or ori ori ori ori
Immediate
Not not not not not
Neg neq neg
Common Shift Instructions
Instruction |EAGLE |[FALCON-A |[FALCON-E |SRC
Shift right shiftr shiftr - shr
Shift right - - srai shr
immediate
Circular - - rol she
shift
Shift left shiftl shiftl - shl
Shift right asr asr sra shra
arithmetic
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Common Branch Instructions

Instruction EAGLE FALCON-A FALCON-E SRC
Unconditional br jump jmp br
branch '“ — -
Branch if zero brz 2 brzr
Branch if non brnz jnz bz
zero
Branch if brp jpl brpl
positive
Branch if brn jmi brmi
negative

Common Call and Interrupt Instructions
Instruction |[EAGLE |[FALCON-A [FALCON-E |SRC
Procedure - call call brl
call
Interrupt - int int ?
Interrupt - iret iret Iy
return

Common Control Instructions

Instruction |[EAGLE |[FALCON-A |FALCON-E [SRC
No nop nop nop nop
operation
Halt halt halt - stop
Reset reset reset - -
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Instructions unique to each processor

Now we take a look at the instructions that are unique to each of the processors we are studying.
EAGLE

The EAGLE processor has a minimal instruction set. Following are the instructions that are
unique only to the EAGLE processor. Note that these instructions are unique only with reference
to the processor set under our study; some other processors may have these instructions.

movia

This instruction is for moving the immediate value to the accumulator (the special
purpose register)

azr

This instruction is for moving the contents of the accumulator to a register

r2a

For moving register contents to the accumulator

cla

For clearing (setting to zero) the value in the accumulator

FALCON-A
There is only one instruction unique to the FALCON-A processor;

ret

This instruction is used to return control to a calling procedure. The calling procedure
may save the PC value in a register ra, and when this instruction is called, the PC value is
restored. In RTL, we write this as

PC R [ra];
FALCON-E
The instructions unique to the FALCON-E processor are listed:
push
To push the contents of a specified general purpose register to the stack
pop )
To pop the value that is at the top of the stack
Idr
To load a register with memory contents using displacement addressing mode
str
To store a register value into memory, using displacement addressing mode
bl
To branch if source operand is less than target address
bg
To branch if source operand is greater than target address
muli
To multiply an immediate value with a value stored in a register
divi
To divide a register value by the immediate value
XOr, XOri
To evaluate logical ‘exclusive or’
ror, rori

ske  Jmpaoxtant
Following are the instructions that are unigue to the SRC processor, among of the processors

under study
o
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To load register from memory using PC-relative address
lar

To load a register with a word from memory using relative address
Str

To store register value to memory using relative address
prinv

This instruction is to tell the processor to ‘never branch’ at that point in program. The
instruction saves the program counter’s contents to the register specified

bripl

This instruction instructs the processor to branch to the location specified by a register
given in the instruction, if the condition register’s value is positive. Return address is
saved before branching.

primi

This instruction instructs the processor to branch to the location specified by a register
given in the instruction, if the condition register’s value is negative. Return address is
saved before branching.

orizr

This instruction instructs the processor to branch to the location specified by a register
given in the instruction, if the condition register’s value equals zero. Return address is
saved before branching.

brinz

This instruction instructs the processor to branch to the location specified by a register
given in the instruction, if the condition register’s value does not equal zero. Return
address is saved before branching.

Problem Comparison

Given is the code for a simple C statement:

a=(b-2)+4c

The given table gives its implementation in all the four processors under comparison. Note that
this table highlights the code density for each of the processors; EAGLE, which has relatively
fewer specialized instructions, and so it takes more instructions to carry out this operation as

compared with the rest of the processors

EAGLE FALCON-A | FALCON-E SRC
.org 100 .org 100 .org 100 .org 100
a dw 1 3 chw 1 a At 1 a.  dw 1
.org 200 .org 200 .org 200 .org 200
Idacc b
azrri loadrl, b Idrl, b dri,b
subir 2 subir2,r1,2 subir2, r1,2 addir2r1 -2
azrr loadr3, c Idr3,c Idr3,c
Idacc c shiftl r3,r3,2 muli ra.ra, 4 shi ra, ra, 2
azrr2 addrd r2r3 addrd, r3r2 addrd r2r3
shir2, 2 storerd, a store rd,a strd, a
r2ar2
add r1
stacc a

Fig. Problem Comparison
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Subscrilres to- Mastery

Lecture No. 11

Reading Material

Vincent P. Heuring & Harry F. Jordan Chapter 3
Computer Systems Design and Architecture 3.3,34
Summary

A CISC microprocessor:The Motorola MC68000

7N INIUNY 7 ULV ULUT UL 1 IV UL 7 AN

Material of this Lecture is included in the above-mentioned sections of Chapter 3.
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Subscribes to- Masters

Lecture No. 12

CPU Design
Reading Material
Vincent P. Heuring & Harry F. Jordan Chapter 4
Computer Systems Design and Architecture 4.1,42,4.3

Summary
The design process
A Uni-Bus implementation for the SRC

Structural RTL for the SRC instructions

Central Processing Unit Design
This module will explore the design of the central processing unit from the logic designer’s view.
A unibus implementation of the SRC is discussed in detail along with the Data Path Design and
the Control Unit Design. The topics covered in this module are outlined below:

The Design Process

Unibus Implementation of the SRC

Structural RTL for the SRC

Logic Design for one bus SRC

The Control Unit

2-bus and 3-bus designs

The machine reset

The machine exceptions
As we progress through this list of topics, we will learn how to convert the earlier speC|f|ed
behavioral RTL into a concrete structural RTL. We will also learn how to interconnect various
programmer visible registers to get a complete data path and how to incorporate various control
signals into it. Finally, we will add the machine reset and exception capability to our processor.
The design process
The design process of a processor starts with the

specification of the behavioral RTL for its instruction &
set. This abstract description is then converted into - -
structural RTL which shows the actual implementation ﬁ
details. Since the processor can be divided into two Memor) ]

\ CPU
main sub-systems, the data path and the control unit, we Subsytem g # )
can split the design procedure into two phases.

1/0
Subsystem

It is important that the des_ign activity - these i

important components of the processor be carried out y b
with the pros and cons of adopting different approaches ~

in mind.

Block Diagram of Computer System
As we know, the execution time is dependent on the 5 P ¥
following three factors. ET = IC x CPI x T
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During the design procedure we specify the implementation details at an advanced level. These
details can affect the clock cycle per instruction and the clock cycle time following thi
should be kept in mind during the design phase.

Eftect on overall performance

AIMount or conuol naraware

Development time

Processor Design

Let us take a look at the steps involved in the |

1. ISA Design

The first step in designing a processor is the specification of the instruction set of the processor.
ISA design includes decisions involving number and size of instructions, formats, addressing
modes, memory organization and the programmer’s view of the CPU i.e. the number and size of
general and special purpose registers.

2. Behavioral RTL Description

In this step, the behavior of processor in response to the specific instructions is described in
register transfer language. This abstract description is not bound to any specific implementation
of the processor. It presents only those static (registers) and dynamic aspects (operations) of the
machine that are necessary to understand its functionality. The unit of activity here is the
instruction execution unlike the clock cycle in actual case. The functionality of all the
instructions is described here in special register transfer notation.

3. Implementation of the Data Path

The data path design involves decisions like the placement and interconnection of various
registers, the type of flip-flops to be used and the number and kind of the interconnection buses.
All these decisions affect the number and speed of register transfers during an operation. The
structure of the ALU and the design of the memory-to-CPU interface also need to be decided at
this stage. Then there are the control signals that form the interface between the data path and the
control unit. These control signals move data onto buses, enable and disable flip-flops, specify
the ALU functions and control the buses and memory operations. Hence an integral part of the
data path design is the seamless embedding of the control signals into it.

4, Structural RTL Description

In accordance with the chosen data path implementation, the structural RTL for every instruction
is described in this step. The structural RTL is formed according to the proposed micro-
architecture which includes many hidden temporary registers necessary for instruction execution.
Since the structural RTL shows the actual implementation steps, it should satisfy the time and
space requirements of the CPU as specified by the clocking interval and the number of registers
and buses in the data path.

5. Control Unit Design

The control unit design is a rather tricky process as it involves timing and synchronization issues
besides the usual combinational logic used in the data path design. Additionally, there are two
different approaches to the control unit design; it can be either hard-wired or micro-programmed.
However, the task can be made simpler by dividing the design procedure into smaller steps as
follows.

a) Analyze the structural RTL and prepare a list of control signals to be activated during the
execution of each RTL statement.

b) Develop logic circuits necessary to generate the control signals
c) Tie everything together to complete the design of the control unit.
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Processor Design
A Uni-bus Data Path Implementation for the SRC

In this section, we will discuss the uni-bus implementation of the data path for the SRC. But
before we go onto the design phase, we will discuss what a data path is. After the discussion of
the data path design, we will discuss the timing step generation, which makes possible the
synchronization of the data path functions.

I he Data Path

The data path is the arithmetic portion of the Von Neumann architecture. It consists of registers,
Internal buses, arithmetic units and shitters. We have already discussed the decisions involved In
designing the data path. Now we shall have an overview of the 1-Bus SRC data path design. As
the name suggests, this implementation employs a single bus for data flow. After that we develop
each of its blocks in greater detail and

present the gate level implementation. RO
Overview of the Unibus SRC Data Path
The 1-bus implementation of the SRC data
path is shown in the figure given. The
control signals are omitted here for the sake
simplicity. Following units are present in the
SRC data path.

1. The Register File

The general-purpose register file includes 32
registers RO to R31 each 32 bit wide. These
registers communicate with

other components via the internal processor bus.

5 S

The Memory Address Register takes input from the ALSU as the address of the memory location
to be accessed and transfers the memory contents on that location onto the memory sub-system.
3. MBR

The Memory Buffer Register has a bi-directional connection with both the memory sub-system
and the registers and ALSU. It holds the data during its transmission to and from memory.

The Program Counter holds the address of the next instruction to be executed. |

incremented after loading of each instruction. The value in PC can also be changed based on a
branch decision in ALSU. Therefore, it has a bi-directional connection with the internal
processor bus.

5. IR . & 340-8 decoder 0
The Instruction Register holds the

instruction that is being executed. The — 1
instruction fields are extracted from the IR _ 0 —
and transferred to the appropriate registers ottt —T3

. . . ; inary counter 1

according to the external circuitry (not ) —Ta
shown in this diagram). L T
6. Registers A and C L 15
The registers A and C are required to hold =
an operand or result value while the bus is clear

busy transmitting some other value. Both
these registers are programmer invisible.
7. ALSU
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There is a 32-bit Arithmetic Logic Shift Unit, as shown in the diagram. It takes input from
memory or registers via the bus, computes the result according to the control signals applied to it,
and places it in the register C, from where it is finally transferred to its destination.

Timing Step Generator To ensure the correct and controlled execution of instructions in a
program, and all the related operations, a timing device is required. This is to ensure that the
operations of essentially different instructions do not mix up in time. There exists a ‘timing step
generator’ that provides mutually exclusive and sequential timing intervals. This is analogous to
the clock cycles in the actual processor. A possible implementation of the timing step generator
is shown in the figure.

Each mutually exclusive step is carried out in one timing interval. The timing intervals can be
named TO, T1...T7. The given figure is helpful in understanding the ‘mutual exclusiveness in
time’ of these timing intervals.

Processor design

YR e N s e I e B o B e B
Structural RTL descriptions of selected SRC ™ — | e
instructions T 1 mutually
Structural RTL for the SRC ™ | s

steps

| ne structural K I L 0escrines now a. 3 L
particular operation Is pertormed using a i S—

4

specific hardware implementation Inorder ‘ —
to present the structural RTL we assume that

there exists a “timing step generator”, which " L
provides mutually exclusive and sequential 7 L
timing intervals, analogous to the clock cycles in actual process

Structural RTL for Instruction Fetch Jmpwttant
The instruction fetch procedure takes three Step RTL

time steps as shown in the table. During the T [MAR — PG CoPC 4

first time step, TO, address of the instruction _

is moved to the Memory Address Register etuctio) [ T [MBR<MMAR], PC < C;
(MAR) and value of PC is incremented. In T2 |IR —MEBR

T1 the instruction is brought from the

memory into the Memory Buffer Register (MBR), and the incremented PC is updated. In the
third and final time-step of the instruction fetch phase, the instruction from the memory buffer
register is written into the IR for execution. What follows the instruction fetch phase, is the
instruction execution phase. The number of timing steps taken by the execution phase generally
depends on the type and function of instruction. The more complex the instruction and its
implementation, the more timing steps it will require to complete execution. In the following
discussion, we will take a look at various types of instructions, related timing steps requirements
and data path implementations of these in terms of the structural RTL.

Structural RTL for Arithmetic/Logic Instructions

The arithmetic/logic instructions come in two jnwa}ttant
formats, one with the immediate operand and the il i

other with register operand. Examples of both are TO-T2 | Instruction fetch

shown in the following tables. T AR

Register-to-Register sub

Register-to-register subtract (or sub) will take
three timing steps to complete execution, as 5 [Rle] 4
shown in the table. Here we have assumed that the
instruction given is:

T4 C o« A- Rrc);

subra, rb, rc
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Here we assume that the instruction fetch process has taken up the first three timing steps. In step T3
the internal register A receives the contents of the register rb. In the next timing step, the value of
register rc is subtracted (since the op-code is sub) from A. In the final step, this result is
transferred into the destination register ra. This concludes the instruction fetch-execute cycle and
at the end of it, the timing step generator is initialized to TO. The given figure refreshes our
knowledge of the data path. Notice that we can visualize how the steps that we have just outlined
can be carried out, if appropriate control signals are applied at the appropriate timing.

As will be obvious, control signals need to be i £ <0

applied to the ALSU, based on the decoding - o A32 fines
of the op-code field of an instruction. The pspose
given table lists these control signals: o l
Note that we have used uppercase alphabets
for naming the ALSU functions. This is to Rl
differentiate these control signals from the a1 0
actual operation-code mnemonics we have ‘
been using for the instructions. «— mR
The SHL, SHR, SHC and the SHRA functions ~ To—=—" [
are listed assuming that a barrel shifter is v
CPU bus Internal processor bus

available to the processor with signals to
differentiate between the various types of shifts that are to be performed.

Structural RTL for Register-to-Register ALSU Needed for the following
add assuming| Function instructionsf/operations

. asaﬁc{reerl ADD add, addi, address calculation for disp and rel
To enhance our understanding of the
instruction execution phase

with five suB sub
n<d. 0> NEG neg; applies to the B input of the ALSU

- - - i | 3
implementation, we will now take a look at | asjsie e fond o
H H ag well ar, an
some more instructions of the SRC. The Nt spries o e B A ST o ALED

structural RTL for a simple add instruction =
- - - - \Sh‘\
add ra, rb, rc is given in table. The first B B T L
three instruction fetch steps are common to WL SHC  |she | “was used for mnemonics
SHRA shra

all instructions. Execution of instruction T T T T T

starts from Step T3 Where the ﬁrSt Operand IMNC4 to increment the PC by 4; :ppliestothe B input;
is moved to register A. The second step

involves computation of the sum and result is
transferred to the destination in step T5. Hence the
complete execution of the add instruction takes 6
time steps. Other arithmetic/logic instructions T3 &< Rl
having the similar structural RTL are “sub”,
“and” and “or”. The only difference is in the T4
step where the sign changes to (-), (*), or (=) T |Rlra] < C;
according to the opcode.

Step RTL
TO-T2 Instruction fetch

T4 T A+ Rre;

Structural K I L Tor the not Instruction

The first three steps TO to T2 are used up in Step |RTL
fetching the Instruction as usual. Instep |3, the R s
value of the operand specified by the register is
brought into the ALSU, which will use the control
function NOT, negate the value (i.e. invert it), and T4 |Rlra] < C;
the result moves to the register C. In the time step
R4, this result is assigned to the destination register through the internal bus. Note that we need
control signals to coordinate all of this; a control signal to allow reading of the instruction-
specified source register in T3, control signal for the selection of appropriate function to be

T3 |C < R[]
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carried out at the ALSU, and control signal to allow only the instruction-specified destination
register to read the result value from the data bus.

The table shown outlines these steps for the instruction: not ra, rb

Structural RTL for the addi instruction

Again, the first three time steps are for the instruction fetch. Next, the first operand is brought into
ALSU in step T3 through register A. The step T4 is of interest here as the second operand c2 is
extracted from the instruction in IR register, sign extended to 32 bits, added to the first operand
and written into the result register C. The execution of instruction completes in step T5 when the
result is written into the destination register. The sign extension is assumed to be carried out in
the ALSU as no separate extension unit is provided.

Sign extension for 17-bit c2 is the same as:(15aIR<16> ©IR<16..0>)

Sign extension for 22-bit c1 is the same e —
as:(10aIR<21> ©IR<21..0>)
The given table outlines the time steps for the T0-T2 | Instruction fetch
instruction addi: T3 |A«Rir]
Other Instructions that have the same structural T4 |C < A+c2sign exend);
RTL are subl, andi and oril. Step |RTL for Id RTL for st
RTL for the load (ld) and store (st) instructions TO-T2 [ Instruchon feteh instruction fefch
The SyntaX 01_ |0ad |nStrUCt|0nS IS: T3 |A < ((th=0):0, (b #0:RIrb); |A <« ((th = 0): 0, (rb #0): R[rh]):
. ' T4 C« A+ (15aIR=16> \R?ﬁ .02); |C ¢ A+ (150IR=16> @IR<16.0%),
Id ra, c2(rb) | # ,
. T5 MAR « C, MAR « C;

And the syntax ot store Instructions Is: o e ——
St ra, CZ(rb) T7  |Riral < MBR; // MMAR] < MBR;

. . . . . sign
The given table outlines the time steps in fetching @

and executing a load and a store instruction. Note that the first 6 time steps (TO to T5) for both
the instructions are the same.

The first three steps are those of instruction fetch. Next, the register A gets the value of register
rb, in case it is not zero. In time step T4, the constant is sign-extended, and added to the value of
register A using the ALSU. The result is assigned to register C. Note that in the RTL outlined
above; we are sign extending a field of the Instruction Register (32-bit). It is so because this field
is the constant field in the instruction, and the Instruction Register holds the instruction in
execution. In step T5, the value in C is transferred to the Memory Address Register (MAR). This
completes the effective address calculation of the memory location to be accessed for the load/
store operation. If it is a load instruction in time step T6, the corresponding memory location is
accessed and result is stored in Memory Buffer Register (MBR). In step T7, the result is
transferred to the destination register ra using the data bus. If the instruction is to store the value
of a register, the time step T6 is used to store the value of the register to the MBR. In the next
and final step, the value stored in MBR s stored in the memory location indexed by the MAR.
We can look at the data-path figure and visualize how all these steps can take place by applying
appropriate control signals. Note that, if more time steps are required, then a counter with more
bits and a larger decoder can be used, e.g., a 4-bit counter along with a 4-to-16 decoder can
produce up to 16 time steps.
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Lecture No. 13
Structural RTL Description of the FALCON-A

Reading Material

Vincent P. Heuring & Harry F. Jordan Computer Systems Design and Chapter 4
Architecture 4.2.2, slides

Summary

Structural RTL Description of the SRC (continued...)
Structural RTL Description of the FALCON-A

This lecture is a continuation of the previous lecture.

Structural RTL for branch instructions

Let us take a look at the structural RTL for branch instructions. We know that there are several
variations of the branch instructions including unconditional branch and different conditional
branches. We look at the RTL for ‘branch if zero’ (brzr) and | Tink if ’
conditional branches.

The syntax for the branch if zero (brzr) is: 5 ”bpwdant

brzrrb, rc

As you may recall, this instruction
instructs the processor to branch to the |Step RTL
instruction at the address held in register
rb, if the value stored in register rc is zero. TO-T2 Instruction Fetch

Time steps for this instruction are outlined in
the table. T3 CON«— cond(R[rc]);

The first three steps are of the instruction - :

fetch phase. Next, the value of register rc T4 CON: PC «— RIrb],

checked and depending

on the result, the condition flag CON is set. In time step T4, the program counter is set to the

register rb value, depending on the CON bit (the condition flag). The syntax for the branch and

link if zero (brlzr) is:
brizrra, rb, rc

This instruction is the same as the Biep Rk

instruction brzr but additionally the return _

address is saved (linking procedure). The TO-T2 Instruction Fetch
time steps for this instruction are shown in T CON — cond(RIre])
the table.

Notice that the steps for this instruction are T4 CON: R[ra] «—— PC;
the same as the instruction brzr with an

additional step after the condition bit is T CON: PC — RIrb];

set; the current value of the program
counter is saved to register ra.
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Structural RTL for shift instructions
Shift instructions are rather complicated in
the sense that they require extra hardware to | SteP RIL
hold and decrement the count. For an ALSU TO-T2 | Instruction fetch

that can perform only single bit shifts, the

data must be repeatedly cycled through the T3 n<4..0><«— IR<4..0>;
ALSU and the count decremented until it
reaches zero. This approach presents some T4 | (N=0):(n<4..0>-— R[rc]<4..0>);

timing problems, which can be overcome by
employing multiple-bit shifts using a barrel

shifter. T8 R[ra] «— C:
The structural RTL for shr ra, rb, rc or shr
ra, rb, c3 is given in the corresponding
table shown. Here n represents a 5-bit register; IR bits 0 to 4 are copied in to it. N is the decimal
value of the number in this register. The actual shifting is being done in step T5. Other
instructions that will have similar tables are: shl, shc, shra e.g., for shra, T5 will have C<— (NoR
[rb] <31>) © R[rb] <31...N>;

T5 |C «—(Na0) © R[rb]<31..N>;

Structural RTL Description of FALCON-A Instructions
Uni-bus data path implementation j""pa"mt Queestion

Comparing the uni-bus implementation of FALCON A with that of SRC results in the
I

tollowing ditterences: 0 1,A.J~ T
of dridend
FALCON-A processor bus RL | el [, 16 lines
e e o ol e o o purpose i
wide while th tof SRCis registers —.,//
22-011S wide. (16-bits each) | I’LH+ A
All reglsters of FALCON-
A are 0T 1b-bIts while In i -
case of SRC all registers i . ALSU .

dle 3Z-DILs. FTL

Number of registers in
FALCOUN-A are 8 while in

SRC the number ot

> g L I o |1 @ |
registers is 32 e
. . . To external V H:xls; d:rid
S ecial registers L.e. CPU bus Internal processor bus results

Program Counter (PC) and
Instruction Register (IR) are 16-bit registers while
in SRC these are 3Z-bIts.

Memory Address Register (MAR) and Memory Buffer Register (MBR) are also of 16-bits
while In SKC these are oT 32-DItS.

MAR and MBR are dual port registers. At one side they are connected to internal bus and
at other side to external memory in order to point to a particular address for reading or
writing data from or to the memory and MBR would get the data from the memory.
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ALSU functions needed

) ALSU Needed for the following
ALSU of FALCON-A has slightly . Function instructionsloperations
aItrerent Tunctions. These assUrning
functions are given in the table. 1 | wp add, addi
Note that mul ana div are two with five suUB sub, subi
significant instructions in this ng4héE:; MUL mul
Instruction set. So whenever one il Dl div
of these instructions is activated, as well AND and, andi
the ALSU unit would take the i OR ar, ofi
operand from its input and XQ\ MOT not: applies to the B input of the ALSU
provide the output immediately, if [ SHIFTL shifl
we neglect the propagation delays < SHIFTR shiftr
to its output. In case of | ASR ast
FALCON-A, we have two =B to load from the bus directly into ©

M2 to increment the PC by 2; applies to the B input;

registers A and AH each of 16-

bits. AH would contain the higher 16-bits or most significant 16-bits of a 32-bit operand. This
means that the ALSU provides the facility of using 32-bit operand in certain instructions. At the
output of ALSU we could have a 32-bit result and that cannot be saved in just one register C so
we need to have another one that is CH. CH can store the most significant 16-bits of the result.

Why do we need to add AH and CH?

I NIS IS because We have mul and a1v INSIructions In the INStruction Set ot the FALLCUN-A. S0 Tor
that case, we can implement the div instruction in which, at the input, one of the operand which

IS diviaena would be 32-DITS gr in case of

mul instruction the output which is the
result of multiplication of two 16-bit
numbers, would be 32-bit that could be
placed In C and CH. The data In these 2
registers will be concatenated and so
would be the input operand In two
registers AH and A. Conceptually one
could consider the A and AH together to
represent 32-bit operand.

Structural RTL for subtract instruction
sub ra, rb, rc

and in T3, T4, T5 the steps for execution
of the sub instruction will be performed.

Structural RTL for addition
instruction

addra, rb, rc

I ne tanle oT aaa Instruction is almost
same as of sub instruction except in
timing step T4 we have + sign for

Step |RTL

TO-T2 |Instruction fetch
T3 |A « R[m;
T4 |C e A-Rrc]
T5  |R[ra] « C;

. The first three steps will fetch the sub instruction

Step |RTL

TO-T2 |[Instruction fetch
T3 |A «— R[]
T4  |Ce A+R[rc]
T5  |Rral<C;

addition instead of — sign as in sub instruction. Other instructions that belong to the same group

are ‘and’, ‘or’ and ‘sub’.
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Structural RTL for multiplication instruction
mul ra, rb, rc

This instruction is only present in this processor and not in SRC. The first three steps are exactly
same as of other instructions and would fetch the mul instruction. In step T3 we will bring the

contents of register R Step |RTL
[rb] in the buffer register A at the input of :
ALSU. In step T4 we take the TO-T2 | Instruction fetch

multiplication of A with the contents of

R[rc] and put it at the output of the T3 A« R

ALSU in two registers C and CH. CH T4 CHEC — A~ R[rc]
would contain the higher 16-bits while

register C would contain the lower 16- TS R[0] « CH;

bits. Now these two registers cannot

transfer the data in one bus cycle to 76 [Rlra] < C

the registers, since the width is 16-bits.

So we need to have 2 timing steps, in T5 we transfer the higher byte to register R[0] and in T6
the lower 16-bits are transferred to the placeholder R[a]. As a result of multiplication instruction
we need 3 timing steps for Instruction Fetch and 4 timing steps for Instruction Execution and 7
steps altogether.

Structural RTL for division instruction

div ra, rb, rc Step RTL
In this instruction first three steps are the
same. In step T3 the contents of register

TO-T2Z  |Instruction fetch

rb are placed in buffer register A and in T3 A — Riro]

step T4 we take the contents of register :

R[0] in to the register AH. We assume T4 AH «— R[0];

before using the divide instruction that

we will place the higher 16-bits of T5 CH — (AHBA )% R[rt], C — (AHOA) /
dividend to register R[0]. Now in T5 the RIrc] '

actual division takes place in two
concurrent operations. We have the
dividend at the input of ALSU unit T R[0] < CH:
represented by concatenation of AH and
A. Now as a result of division instruction, the first operation would take the remainder. This
means divide AH concatenated with A with the contents given in register rc and the remainder is
placed in register CH at the output of ALSU. The quotient is placed in C. In T6 we take C to the
register R[ra] and in T7 remainder available in CH is taken to the default register R[0] through
the bus. In divide instruction 5 timing steps are required to execute the instruction while 3 to
fetch the instruction.

Note: Corresponding to mul and div instruction one should be careful about the additional
register R[0] that it should be properly loaded prior to use the instructions e.g. if in the divide
instruction we don’t have the appropriate data available in R[0] the result of divide instruction
would be wrong.

Té6  |R[ra] —C:

Step |RTL

Structural RTL for not instruction T0T2  |instruction feteh

not ra, rb

In this instruction first three steps will T3 C —I(R[rh]);
fetch the instruction. In T3 we perform the

not operation of contents in R[rb] and T4 Rlra] «C;

transfer them in to the buffer register C. It
is simply the one’s complement changing of 0’s to 1°’s and 1°s to 0’s. In timing step T4 we take
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the contents of register C and transfer to register R[ra] through the bus as shown in its
corresponding table.

Structural RTL for add immediate instruction addi ra, rb, c1

In this instruction c1 is a constant as a part of the instrucion. First three steps are for Instruction
Fetch operation. In T3 _ _ Step RTL

we take the contents of register R [rb] in
to the buffer register A. In TOoT?  |Instruction fetch

T4 we add up the contents of A with the
constant cl after sign extension and bring

T3 |A« R[]

it to C. T4 C « A +c1(sign extend);
Sign extension of 5-bit c1 and 8-bit TA R[ra] « C;

constant c2

Sign extension for 5-bit c1 is: (11alR<4> ©IR<4..0>)

We have immediate constant c1 in the form of lower 5-bits and bit number 4 indicates the sign
bit. We just copy it to the left most 11 positions to make it a 16-bit number.

Sign extension for 8-bit c2 is: (8alR<7> ©IR<7..0>)

In the same way for constant c2 we need to place the sign bit to the left most 8 position to make
it 16-bit number.

Step |RTL forld RTL for st

Structural RTL for the load and : _

store instruction TO-T2 | Instruction fetch Instruction fetch
T3 |A « R[m] A R[rhy);

Tables for load and store
instructions are same as SRC Td |Ce=A+({110R<d> C e A+ {110R<d: BIR<4. 0=),
except a slight difference in the OlR=4 0=}
notation. So when we have B MAREeD MR

square brackets [R [rb]+c1], it TE  |MBR «— M[MAR]; MBR « R [ra];
corresponds to the base address

) T7 |R MBR, MIMAR] < MBR;
in R[rb] and an offset taken from i R
cl.
Structural RTL for conditional jump Siep el
Instructions
iz ra, [c2] TO-T2 Instruction Fetch
In first three steps of this table, the 5 :
instruction is fetched. In T3 we set a 1-bit 12 CON cond(R{ral)
register “CON” to true if the condition is T4 A — PC;
met.
T5 C «— A+ c2(sign extend);

How do we test the condition?

L. . T6 PC «— C;
This is tested by the contents given by the

register ra. So condition within square

brackets is R[ra]. This means test the data given in register ra. There are different possibilities
and so the data could be positive, negative or zero. For this particular instruction it would be
tested if the data were zero. If the data were zero, the “CON” would be 1.

In T4 we just take the contents of the PC into the buffer register A. In T5 we add up the contents
of A to the constant c2 after sign extension. This addition will give us the effective address to
which a jump would be taken. In T6, this value is copied to the PC.

In FALCON-A, the number of conditional jumps is more than in SRC. Some of which are shown
below:
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jz (op-code= 19) jump if zero

jzr3, [4] (R[3]=0): PC+ PC+ 2;
jnz (op-code= 18) jump if not zero

jnz r4, [variable] (R[4]#0): PC— PC+ variable;
jpl (op-code= 16) jump if positive

jpl r3, [label] (R[3]>0): PC « PC+ (label-PC);
jmi (op-code= 17) jump if negative

jmi r7, [address] (R[7]<0): PC« PC+ address;

The unconditional jump instruction will be explained in the next lecture.

Mauster

Subscré:n to-Masters
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Lecture No. 14
External FALCON-A CPU

Reading Material

Handouts Slides

Summary

Structural RTL Description of the FALCON-A (continued...)
External FALCON-A CPU Interface

This lecture is a continuation of the previous lecture.

Un-conditional jump instruction
jump (op-code= 20)
In the un-conditional jJump with op-code 20, the op-code is followed by a 3-bit identifier for
register ra and then followed by an 8-bit constant c2.
Forms allowed by the assembler to define the jump are as follows:
jump [ra + constant]
jump [ra + variable]
jump [ra + address]
jump [ra + label]

For all the above instructions:
(ra=0):PC— PC+(8aC2<7>)©C2<7..0>,
(ra#0):PC— R[ra]Jr(80LC2<7>)©C2<7..0>;4

In the case of a constant, variable, an address or (label-PC) the jump ranges from —128 to 127
because of the restriction on 8-bit constant c2. Now, for example if we have Jump [r0+a] it
means jump to a. On the other hand if we have

The target address should be even because we have each instruction with 2 bytes. So the types
available for the un-conditional jumps are either direct, indirect, PC-relative or register relative.
In the case of direct jump the constant c2 would define the target address and in the case of
indirect jump constant c2 would define the indirect location of memory from where we could
find out the address to jump. While in the case of PC-relative if the contents of register ra are
zero then we have near jump and the type of jump for this would be PC-relative. If ra is not be
zero then we have a far jump and the contents of register ra will be added with the constant c2
after sign-extension to determine the jump address.

4 c2 is computed by sign extending the constant, variable, address or (label-PC)
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Structural RTL description for un-conditional jump instruction
jump [ra+c2]

In first three steps, TO-T2, we

would fetch the jump instruction, Step RTL

while in T3 we would either take -

the contents of PC and place them Lo L il o

in a temporary register A if the T3 (ra=0): A— PC, (ra#0): A — R[ra];
condition given in jump instruction T4 C — A + c2(sign extend);

is true, that is if the ra field is zero, T5 PG «:

otherwise we would place the
contents of register ra in the temporary register A. Comma °,” indicates that these two
instructions are concurrent and only one of them would execute at a time. If the ra field is zero
then it would be PC-relative jump otherwise it would be register-relative jump. In step T4 we
would add the constant c2 after sign-extension to the contents of temporary register A. As a
result we would have the effective address in the buffer register C, to which we need to jump. In
step T5 we will take the contents of C and load it in the PC, which would be the required address
for the jump.

Structural RTL for the shift instruction
shiftr ra, rb, cl1

First three steps would fetch the Step RTL
shift instruction. cl is the count :

field. It is a 5-bit constant and is T0-T2  |lnstruction fetch

obtained from the lower 5-bits 3 n<4.0> — IR<4.0>:

of the instruction register IR. In

step T3 we would load the 5-bit T4 C « (NeD) ©R[rb]<15..N>;
register ‘n’ from the count field T Riral— C-

or the lower 5-bits of the IR and e

then in T4 depending upon the

value of ‘N’ which indicates the decimal value of ‘n’, we would take the contents of register rb
and shift right by N-bits which would indicate how many shifts are to be performed. ‘n’ indicates
the register while ‘N’ indicates the decimal value of the bits present in the register ‘n’. So as a

result we need to copy the zeros to the left most bits, this shows that zeros are replicated ‘N’
times and are concatenated with the shifted bits that are actually 15...N. In T5, we take the
contents from C through the bus and feed it to the register ra which is the destination register.
Other instructions that would have similar tables are ‘shiftl’ and ‘asr’.

In case of asr, when the data is shifted right, instead of copying zeros on the left side, we would
copy the sign bit from the original data to the left-most position.

Other Instructions

Other instructions are mov, call and ret. Note that these instructions were not available with the
SRC processor.
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Structural K 1 L TOr the mov Instruction

mov ra, rb

In mov instruction the data in register
rb, which is the source register, is to be

moved in the register ra, which is the

destination register. In first three steps,
mov instruction is fetched. In step T3

the contents of register rb are placed in

Step |RTL

TO-T2 |Instruction fetch
T3 C « R[rb];
T4 R[ra] < C;

buffer register C through the ALSU

unit while in step T4 the buffer register C transfers the data to register ra through internal uni-

bus.

Structural R 1 L TOr tne mov immealate instruction

movi ra, c2

In this instruction ra is the destination
register and constant c2 is to be moved in
the ra. First three steps would fetch the
move immediate instruction. In step T3
we would take the constant c2 and place
it into the buffer register C. Buffer
register C is 16-bit register and c2 is 8-bit

Step |RTL

TO-T2 |Instruction fetch
T3 C « (Bac2<7>) © c2<7..0>;
T4 R[ra] « C;

constant so we need to concatenate the remaining leftmost bits with the sign bit which is bit ‘7’
shown within angle brackets. This sign bit which is the most significant bit would be ‘1’ if the
number is negative and ‘0’ if the number is positive. So depending upon this sign bit the
remaining 8-bits are replicated with this sign bit to make a 16-bit constant to be placed in the
buffer register C. In step T4 the contents of C are taken to the destination register ra.

In case of FALCON-A, ‘in’ and ‘out’ instructions are present which are not present in the SRC
processor. So, for this we assume that there would be interconnection with the input and output

addresses up to 0..255.
structural R 1 L Tor the In Instruction

inra, c2

First three steps would fetch the
instruction In step T3 we take the 10
[c2] which indicates that go to 1O
address indicated by c2 which is a
positive constant in this case and then
data would be taken to the buffer

register C. In step T4 we would transfer the data from C to the destination register ra.

-
outra, c2

This instruction is opposite to the ‘in’
instruction. First three instructions would
fetch the instruction. In step T3 the
contents of register ra are placed in to the
buffer register C and then in Step T4
from C the data is placed at the output
port indicated by the c2 constant. So this

Step |RTL

TO-T2 | Instruction fetch
T3 C « 10[c2];
T4 Rlra] « C

Step |RTL

TO-T2 |Instruction fetch
T3 C « Ryra]
T4 |I0[c2]«C
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instruction is just opposite to the “in’ instruction.
structural R I L Tor the call Instruction

call ra, rb

In this instruction we need to give the control
to the procedure, sub-routine or to another Step RTL
address specified in the program. First three
steps would fetch the call instruction. In step _
T3 we store the present contents of PC in to T0-T2 Instruction Fetch
the buffer register C and then from C we

transfer the data to the register ra in step T4. 18 e
As a result register ra would contain the _
original contents of PC and this would be a T4 Rleals-e,
pointer to come back after executing the sub-

routine and it would be later used by a return TS C < RIrb];
instruction. In step T5 we take the contents

of register rb, which would actually indicate T6 PC « C;

to the point where we want to go. So in step
T6 the contents of C are placed in

PC and as a result PC would indicate the position in the memory from where new execution has
to begin.

Structural R1 L TOr return

Instruction Step RTL
retra

After instruction tetch in tirst 3 steps TO-T2,

the reglster data In ra Is placed In the buftter TO-T? Instruction Fetch

register C through ALSU unit. P 1S loaded
with contents of this butter register in step
T4  Assuming that bus activity is T3 C < R[ra];
synchronized, appropriate control signals are
available to us now.

T4 PC — C;
Control signals required at different
timing steps of FALCON-A instructions
The following table -
shows the details of the | SteP |RTL Control Signals
control signals needed. T0O |MAR « PC,C« PC+2; |PCout, LMAR, INC2,LC
The first column is the
time step, as before. In T MBR « M[MAR], PC« C; |LMBR, MRead, MARout, Cout, LPC
the second column the T2 |IR< MBR. MBRouL LIR
structural RTLs for the
particular step is given, T3 Instruction Execution

and the corresponding
control signals are shown in the third column. Internal bus is active in step TO, causing the contents
of the PC to be placed in the Memory Address register MAR and simultaneously the PC is
incremented by 2 and placed it in the buffer register C. Recalling previous lectures, to write data
in to a particular register we need to enable the load signal. In case of fetch instruction in step
TO, control signal LMAR is enabled to cause the data from internal bus to be written in to the
address register. To provide data to the bus through tri-state buffers we need to activate the ‘out’
control signal named as ‘PCout’, making contents of the PC available to the ALSU and so
control unit provides the increment signal ‘INC2’ to increment the PC. As the ALSU is the
combinational circuit, the PCout signal causes the contents over the 2nd input of ALSU
incremented by 2 and so the data is available in buffer register C. Control signal “LC” is required
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to write data into the buffer register C form the ALSU output. Now note that ‘INC2’ is one of the
ALSU functions and also it is a control signal. So knowing the control signals, which need to be
activated at a particular step, is very important.

So, at step TO the control signal ‘PCout’ is activated to provide data to the internal bus. Now
control signal ‘LMAR’ causes the data from the bus to be read into the register MAR. The ALSU
function ‘INC2’ increments the PC to 2 and the output are stored in the buffer register C by the
control signal ‘LC’. The data from memory location addressed by MAR is read into Memory
Buffer Register MBR in the next timing step T1. In the mean time there is no activity on the
internal bus, the output from the buffer register C (the incremented value of the PC) is placed in
the PC through bus. For this the control signal ‘LPC’ is activated.

To enable tri-state buffer of Memory Address Register MAR, we need control signal ‘“MARout’.
Another control signal is required in step T1 to enable memory read i.e. ‘MRead’. In order to
enable buffer register C to provide its data to the bus we need ‘Cout’ control signal and in order
to enable the PC to read from C we need to enable its load signal, which is ‘LPC’. To read data
coming from memory into the Memory Buffer Register MBR, ‘LMBR ’control signal is enabled.
So in T2 we need 5 control signals, as shown.

In T2, the instruction register IR is loaded with data from the MBR, so we need two-control
signals,’MBRout’ to enable its tri-state buffers and the other signal required is the load signal for
IR register ‘LIR’. Fetch operation is completed in steps TO-T2 and appropriate control signals
are generated. Those control signals, which are not shown, would remain de-activated. All
control signals are activated simultaneously so the order of these controls signals is immaterial.
Recall that in SRC the fetch operation is implemented in the same way, but ‘INC4’ is used
instead of ‘INC2’ because the instruction length is 4 bytes.

Now we take a look at other examples for control signals required during execution phase.

For various instructions, we will define other control signals needed in the execution phase of
each instruction but fetch cycle will be the same for all instructions.

Another important fact is the interface of the CPU with an external memory and the 1/O
depending upon whether the 1/0 is memory mapped or non-memory mapped. The processor will
generate some control signals, used by the memory or I/O to read/write data to/from the 1/0
devices or from the memory. Another assumption is that the memory read is fast enough.
Therefore data from memory must be available to the processor in a fixed time interval, which in
this particular example is T2.

For a slow data transfer, the concept of handshaking is used. Some idle states are introduced and
buffer is prepared until the data is available. But for simplicity, we will assume that memory is
fast enough and data is available in buffer register MBR to the CPU.

External FALCON-A CPU
Interface

16-hit

16-bit data hus address hus

This figure is a symbolic
representation of the FALCON-
A in the form of a chip. The
external interface consists of a ' _
16-bit address bus, a 16-bit data j 5
bus and a control bus on which

different control signals like

FOUR Control

MRead, MWrite, IORead, bua sig:sls:
IOWrite are present. Wirite
IORead

10Wyrite
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Example Problem

Instruction RIL equivalent | AddressBus | DataBus |MRead [Mwirite
<15..0> <15..0>

load r7, [12+r5]

addir2,r4, 31

jump [52]

store r1,[ r3+17]

sub 5, r7,r6

shiftr r2, r6, 4

movr3,r2

jzr4,[-32]

Memory | Memory
Address | Content e =

0020h D2h
0021h 96h C341h CAb
0022h 4%h C343h D5h
0023h Fh C344h E2h
C300h 44h 1240h 07h
C301h 23h 1241h 85h
C302h E3h 1242h E5h
C303h D5h 1243h 3Dh

@ What will be the logic levels on the external FALCON-A buses when each of the given
FALCON-A instruction is executing on the processor? Complete the table given. All numbers are in
the decimal number system, unless noted otherwise.

(b)  Specify memory-addressing modes for each of the FALCON-A instructions given.

Assumptions
For this particular example we will assume that all memory contents are properly aligned, i.e.
memory addresses start at address divisible by 2.

PC=C348h

This table contains a partial memory map showing the addresses and the corresponding data
values.

The next table shows the register map showing the contents of all the CPU registers.
Another important thing to note is that memory storage is big-endian.
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Register Content
Name
R[0] A54Bh
R[1] 4CB8h
R[2] 492Fh
R[3] C2EFh
R[4] 2301h
R[5] 1234h
R[6] 0020h
R[7] 2D7Fh
Solution:
FALCON-A RTL equivalent Address Bus* DataBus M M
Instruction <15..0> <15..0> R |W
load r7, [r5+12] | R[7] «— M[12+R][5]] 1240h 0785h 0
addi r2, r4, 31 R[2] «— R[4]+31 Unknown ?2?? ?
jump [52] PC «— PC +52 Unknown ?2?? ?
store r1, [r3+17] | M[R[3]+17] «— R[1] C300h 4CB8h 1
sub r5, r7, ré R[5] «—— R[7}R[6] Unknown 2?72 ?
shiftrr2, r6, 4 R[2] «— Unknown ?2??? ?
(4a0)2R[6]<15...4>
mov r3, r2 R[3] «— R[2] Unknown ???? ?
jzr4, [-32] R[4]=0:PC+«—PC-32 Unknown 22?7 ?

In this table the second column contains the RTL descriptions of the instructions. We have to
specify the address bus and data bus contents for each instruction execution. For load instruction
the contents of register r5+12 are placed on the address bus. From register map shown in the
previous table we can see that the contents of r5 are 1234h. Now contents of r5 are added with
displacement value 12 in decimal .In other words the address bus will carry the hexadecimal
value 1234h+ Ch = 1240h.Now for load instruction, the contents of memory location at address
1240h will be placed on the data bus. From the memory map shown in the previous table we can
see that memory location 1240h contains 785h. Now to read this data from this location, MRead
control signal will be activated shown by 1 in the next column and MWrite would be 0.Similarly
RTL description is given for the 2nd instruction. In this instruction, only registers are involved so
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there is no need to activate external bus. So data bus, address bus and control bus columns will
contain ‘?” or ‘unknown’. The next instruction is jump. Here PC is incremented by the jump
offset, which is 52 in this case. As before, the external bus will remain inactive and control
signals will be zero. The next instruction is store. Its RTL description is given. For store
instruction, the register contents have to be placed at memory location addressed by R [3] +17.
As this is a memory write operation, the MWrite will be 1 and MRead will be zero. Now the
effective address will be determined by adding the contents of R [3] with the displacement value
17 after its conversion to the hexadecimal. The resulting effective address would be C300h. In
this way we can complete the table for other instructions.

Addressing Modes

This table lists the addressing mode for each instruction given in the previous example.

FALCON-A Addressing
Instruction Mode
load r7, [r5+12] |Displacement

addir2, r4, 31 Immediate
jump [62] Relative

store r1, [r3+17] |Displacement
sub 5, 17, 16 Register
shiftr r2, 16, 4 Register

mov 13, 12 Register
jzrd, [32] Relative
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Lecture No. 15

Logic Design and Control Signals Generation in SRC

Reading Material

Vincent P. Heuring & Harry F. Jordan Chapter 4
Computer Systems Design and Architecture 4.4
Summary

Logic Design for the Uni-bus SRC
Control Signals Generation in SRC

Logic Design for the Uni-bus SRC

In the previous sections, we have looked at both the behavioral and structural RTL for the SRC.
We saw that there is a need for some control circuitry for ensuring the proper and synchronized
functioning of the components of the data path, to enable it to carry out the instructions that are
part of the Instruction Set Architecture of the SRC. The control unit components and related
signals make up the control path. In this section, we will talk about

Identifying the control signals required

I ne external CPU Interrace

Memory Address Register (MAR), and Memory Buffer Register (MBR) circuitry
Register Connections

We will also take a look at how sign extension is performed. This study will help us understand
how the entire framework works together to ensure that the operations of a simple computer like
the SRC are carried out in a smooth and consistent fashion.

Identifying control signals

For any of the instructions that are a part of the instruction set of the SRC, there are certain
control signals required; these control signals may be to select the appropriate function for thi
ALU to be performed, to select the appropriate registers, or the appropriate memory location.
Any instruction that is to be executed is first fetched into the CPU. We look at the control signals
that are required for the fetch operation.

Control signals for the fetch operation

Table 1 lists the control signals
UdL dre [feeueu W ensure e

synchronized register transters | SteP I Contral Sgrnis

In the Instruction tetch phase.

control signals as we have been

using lowercase for the Tl MEE < M[MAE], PC < C, | LMER, MEzad, MARout,
instruction mnemonics, and we Cout, LPC

want to distinguish between the n IR ¢ MER; MERmat, LIR

two. Also note that control

signals during each time slot are Tahle:1

activated simultaneously, and
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Mausters

that the control signals for successive time slots are activated in sequence. If a particular control
signal is not shown, its value is zero.
As shown in the Table: 1, some control signals are to let register values to be written onto buses,
or read from the buses. Similarly, some signals are required to read/ write memory contents onto
the bus. The memory is assumed to be fast enough to respond during a given time slot; if that is
not true, wait states have to be inserted. We require four control signals to be issued in the time
step TO:
PCout: This control signal allows the contents of the Program Counter register to be
written onto the Internal processor bus.

LMAR: This signal enables write onto the memory address register (MAR), thus the
value ot PC that 1s on the bus, 1S copied Into this register

INCA4: It lets the PC value to be incremented by 4 In the ALSU, and result to be stored In
C. Notice that the value of PC has been received by the ALSU as an operand. This
control signal allows the constant 4 to be added to it. The ALSU is assumed to include an
INC4 function

LC: This enables the input to the register C for writing the incremented value of PC onto
it.

During the time step T1, the following control signals are applied:

LMBR: This enables the “write” for the register MBR. When this signal Is activated,
whatever value IS on the bus, can be written Into the MBK.

MRead: Allow memory word to be gated from the external CPU data bus Into the MBR.
MARouUL: 1 his signal enables the tri-State butters at the output oT MAR.

Cout: This will enable writing ot the contents ot register C onto the processor’s Internal
aata nus.

LPC: This will enable the input to the PC for receiving a value that Is currently on the
internal processor bus. Thus the PC will receive an incremented value.

At the final time step, T2, of the instruction fetch phase, the following control signals are
issued:

IMBROUL: 10 enable the tri-state butrers with the MBR.

LIR: 10 allow tne IK read the value Trom the Internal bus. I nus the INStruction stored In
the MBR is read into the Instruction Register (IR).

Uni-bus SRC implementation
The uni-bus implementation of the SRC data path is given in the Fig.1. We can now visualize

3l o 5 G
RO ‘
Rl DO 1
Teneral } < lnes
purpose
regelers
(32-bits each)
R31
31 0
| e e
— e
- "L MER Je -
‘& \ >
I To external v
. CPTIbus Internal processor bus | Soktiic

Fig.1
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how the control signals in mutually exclusive time steps will allow the coordinated working of
instruction fetch cycle.

Similar control signals will allow the instruction execution as well. We have already mentioned
the external CPU buses that read from the memory and write back to it. In the given figure, we
had not shown these external (address and data buses) in detail. Fig.2 will help us understand this
external interface.

£ 32-oit
32-bll data bus address bus )
™\ L 7 i ”
\A \A:T.:\ /.
fr R
P /d
m i p e e
<J:> ey > MReaq —dlHE CEY
s MVrite =
£
T
a4
A
sl
Conirel bus
signals
)
Fig.2

External CPU bus activity

Let us take up a sample problem to further enhance our understanding of the external CPU
interface. As mentioned earlier, this interface consists of the data bus/ address bus, and control
signals for enabling memory read and write.

Example problem:

(@  What will be the logic levels on the external SRC buses when each of the given SRC
instruction is executing on the processor? Complete Table: 2. all numbers are in the decimal
number system, unless noted otherwise.

(b) Specify memory addressing modes for each of the SRC instructions given in Table: 2.

. . Address Bus Data Bus .
Instruction RTL equivalent <31..0> <31..0> MRead | MWrite

Id r7, 12(r5)

Idr2,32

lar9, 32

Idr r12,-72

larr3, 0

st r2, 0(r6)

strr3, -8

strd4, 32

Table 2
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. All memory content is aligned properly.
In other words, all the memory accesses start at addresses divisible by 4. Value in the PC =

000DC348h

(Note that the SRC uses the big-endian storage format).

Memory map with assumed values

Memory Memory

Address Content
000000206 Dih
00000021 H Pk
000000220 48k
00Mm00023h 2Fh
(00D 3000 4dh
00D 301k 23h
000D C302R E3h
000D 23030 D5h

Register map with assumed values

Fig.3

000D C340h S1lh
000DC34lh CAh
000D C343h D5h
000D C344h EZh
0DABIZ40h 0Th
00AEIZ4lh 85h
00AEL1Z42h E5h
ODABIZ43h 3Dk
Register Name Content
R[0] 0D012A54Bh
R[1] 10234CEBh
R[2] D296492Fh
R[3] 001400CDh
R[4] B7432301h
R{5] DOAE 1234k
R[6] 00C00020h
R[7] 01432D7Fh
R(8] NOB248214
R{9] 00CDAT7A3N
E[10] 0031A0F0h
R[11] 0012A246h
R[12] O00FAB17h
Fig.4
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. . Address Bus Data Bus .
Instruction RTL equivalent <31..0> <31..0> MRead | MWrite
Id r7, 12(r5) R[7] ¢ M[12+R[5]] 00AB1240 h 0785E53D h 1 0
Idr2,32 R[2] & M[32] 00000020 h D296492F h 1 0
lar9, 32 R[9] ¢« 32 Unknown Unknown ? ?
Idrr12,-72 R[12] & M[PC-72] 000DC300 h 4423E3D5 h 1 0
larr3, 0 R[3] & PC Unknown Unknown ? ?
st r2, 0(r6) MIR[6]] € R[2] 00000020 h D296492F h 0 1
strr3, -8 MIPC - 8] ¢ R[3] 000DC340 h 001400CD h 0 1
strd, 32 M[32] & R[4] 00000020 h B7432301 h 0 1
Solution part (b):
SRC Addressing
Instruction Mode
Id r7, 12(r5) Displacement
Idr2, 32 Direct
lar9, 32 Immediate
Idr r12, -4 PC Relative
larr3, 0 Register
str2, 0(r6) Register Indirect
strr3. 8 PC Relative
strd. 32 Register Direct
Fig:5
Notes:
* Relative addressing is always PC relative in the SRC
faleka Displacement addressing mode is the same as Based or Indexed in the SRC. It is also

the same as Register Relative addressing mode

Memory address register circuitry

We have already talked about the functionality of the MAR. It provides a temporary storage for
the address of memory location to be accessed We now take a detailed look at how it is
interconnected with other components. The MAR is connected directly to the CPU internal bus,
from which it is loaded (receives a value). The LMAR signal causes the contents of the internal
' be loaded i ' R. It writes onto the CPU external address bus. 1h MARout
signal causes the contents of the MAR to be placed on the address bus. Thus, it provides the
addresses for the memory and 1/O devices over the CPU’s address bus. A set of tri-state buffers
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is provided with these connections; the tri-state buffers are controlled by the control signals,
which in turn are issued when the corresponding instruction is decoded. The whole circuitry is
shown in Fig.6.

MRead
£
from CPU's
data bus 5 P 3. state buffers

LMAR - MAR

L 3-state buffers === 10 intemal bus

]

MARout
Fig:6

Memory butter register circultry

The Memory Buffer Register (MBR) holds the value read from the memory or 1/0O device. It IS
possible to load the MBR from the Internal CPU bus or from the external CPU data bus. The
IVIBK dISO UrIves LIe INLErmdl LFU DUS ds WEIT ds Uie eXLermdl LFU adld bus. Similar to the MAR

register, tri-state buffers are provided at the connection points of the MBR, as illustrated in the
Fig.7.

MRead INT2MBR
[' 4

from CPU'S - , . .
data bus  =PP|3-state buffers l 3-state buffers («m—from internal bus

N — MBR

g CPU's = 3-si3te bulfers L 3-state buffers M=l 10 Internal bus

data bhus

Myyrite MERout
Fig:7
Reglster connections

The register tile containing the General Purpose Registers IS programmer visible. Instructions
may refer to any of these registers, as source operands In an operation or as the destination
registers. Appropriate circuitry is needed to enable the specified register for read/ write.
Intuitively, we can tell that we require connections of the register to the CPU internal bus, and
we need control signals that will enable specified registers to be read/ write enabled as a
corresponding instruction is decoded. Fig.8 illustrates the register connections and the control
signals generation in the uni-bus data path of the SRC. We can see from this figure that the ra, rb
and rc fields of the Instruction Register specify the destination and source registers. The control
signals RAE, RBE and RCE can be applied to select any of the ra, rb or rc field respectively to
apply its contents to the input of 5-to-32 decoder. Through the decoder, we get the signal for the
specific register to be accessed. The BUS2R control signal is activated if it is desired to write
into the register. On the other hand, if the register contents are to be written to the bus, the
control signal R2BUS is activated.
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IP.["-’PC‘I Ya ] ® | m.[ "eese
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s 5-0-32 decader al Qtoul i el
=0 o i R1
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( Control signals to register file

RIBUS } BUSR

Fig.8

Alternate control circuitry for register selection

Fig.9 illustrates an alternate circuitry that implements the register connections with the internal
processor bus, the instruction register fields, and the control signals required to coordinate the
appropriate read/write for these registers. Note that this implementation is somewhat similar to
our earlier implementation with a few differences. It illustrates the fact that the implementations
we have presented are not necessarily the only solutions, and that there may be other

possibilities.

| 4 LR T Rer“-’at ! Peppa:

32 times l l 32 fimes
& S PR TR > ‘/"—_._ b .:z- =~ o
) : / :
¥ i ROA (_g,é/
g p»ROC i RO
§ERE weDR o
& s ROC| + 70T i
s |e s R
A _FR3ICE e y
I : :
-+ ‘R 3 R3Toud
CE e £ 3 —_— 3
2 23 2.3 <k :
A r ’ P » :
"/ // Ru. > e E
e ———————— ———2 - = oa :
RAE This part wlll be repested for RZBUS } BUSIR : R2BUS
asshown on e next siide I s 2

Fig.9

In this alternate circuitry, there is a separate 5-to-32 decoder for each of the register fields of the
instruction register. The output of these decoders is allowed to be read out and enables the

decoded register, i -

Control signals Generation in SRC
We take a few example instructions to study the control signals that are required in the
instruction execution phase.
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Control signals for the add instruction

The add instruction has the following syntax:
addra, rb, rc
Table: 4 lists the Step RTL Control Signals

control  signals
that are applied

at each of the TO —T2 | Instruction Fetch As before
time steps. The
first three steps T3 A < RI[rb]; RBE, R2BUS, LA

are of the
instruction fetch
phase, and we T4 C « A+R[re]; RCE, R2BUS, ADD, LC
have already
discussed the

control  signals T5 R[ra] «— C; Cout. RAE, BUS2R
applied at this
phase.

hich will enable the register rb to write its contents
onto the internal CPU bus, as it is decoded. The writing from the register onto the bus is enabled by
the control signal R2BUS. Control signal LA allows the bus contents to be transferred to the register
A (which will supply it to the ALSU). At time step T4, the control signals applied are RCE, R2BUS,
ADD, LC, to respectively enable the register rc, enable the register to write onto the internal CPU
bus (which will supply the second operand to the ALSU from the bus), select the add function of the
ALSU (which will add the values) and enable register C (so the result of the addition operation is
stored in the register C). Similarly in T5, signals Cout, RAE and BUSZ2R are activated.

Sign extension

When we copy constant values

to registers that are 32 bits wide, Miswaeedpe 2o 0 -

we need to sign extend the 'PI e 44

vdlues st 111ese vdlues die Il - 17 ( E

the 2’s complement form, and to o Trkstate | ’ oo ‘

sign-extend these values, we / Biees >3 et

need to copy the most significant J i

DIL WO dll trie auuaiuoridl PIts 1 e f.-:." g

register . ' Eralbie ——
. . . [ ‘ Bus<=31 17>

We consider the field ¢2, which / 15 -~ .

is a 17 bit constant. Sign | mste | 15| | 7

extension of c2 requires that we S| P oE ¥

C(.)py c2<16> '[.0 al.l the Ie_ft-mo.st Sign extension of the 22 bit constantc1|  Enable

bits of the destination register, in will be done in the same way T N

addition to copying the original cZout

constant values to the register. Fig:10

This means that bus<31...17>
should be the same as c2<16>. A 15 line tri-state buffer can perform this sign extension. So we
apply c2<16> to all the inputs of this tri-state buffer as illustrated in the Fig.10.
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Structural RTL for the addi instruction

We now return to our study of the control signals required in the instruction execute phase. We
have already looked at the add instruction and the corresponding signals. Now we take a look at
the addi (add immediate) instruction, which has the following syntax:

addi ra, rb, c2

Table: 5 lists the RTL and the control signals for the addi instruction:

Step

RTL for addi

Contreol signals

TO-T2

Instruction Tetch

As before

T3

A« RIrk];

RBE, R2BUS, LA

T4

e A+ c2(sign extend);

cZout, ADD, LC

TS

R[ra] & C:

Cout RAE, BUSZR

Tahle:5

The table shows that the control signals for the addi instruction are the same as the add
instruction, except in the time step T4. At this time step, the control signals that are applied are
c2out, ADD and LC, to respectively do the following:

Enable the read of the constant c2 (which is sign extended) onto the internal processor bus. Add
the values using the ALSU and finally assign the result to register C by enabling write for this
register.

To place a 0 on the bus

When the field rb is zero, for instance, in the load and store instructions, we need to place a zero
on the bus. The given circuit in Fig.11 can be used to do this.

%
: R =
m
E
&
€
Harewiredto | Trestate | S
Logle O buffers | >
Enat!
RO o
— 45 6-10-32 decoder —’ES j ) ZRIB!
RBE ] R _#
— -
-
et
B Al e = U5
N 5 P
Dont connect
this line 1o the RIRI |
tri-state buffer af i REBE

| the outpul of RO |

Fig:11

Note that, by default, the value of register RO is 0 in some cases. So, when the selected register
turns out to be 0 (as rb field is 0), the line connecting the output of the register RO is not enabled,
and instead a hardwired 0 is output from the tri-state buffer onto the CPU internal bus. An
alternate circuitry for achieving the same is shown in the Fig.12.
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w
From IR<21.17> Hardwiredto | Tri-state =
Logic 0™ buffers : g
5 2
£- Enabis =
- I EI
g [»ROB —
- n, T
B [PRIB "X ZRIBUS
A | \
> F 1 NS
) . - b
3y = -~ N
Y = R31E : 5
I Instead of connecting this
line to the Input of the
ERE gates, connect i to the

enable of the tri-state
buffers as shown hee

Fig:12

Control signals for the Id instruction

Now we take a look at the control signals for the load instruction. The syntax of the instruction
is:

Id ra, c2 (rb)

Table: 6 outlines the control signals as well as the RTL for the load instruction in the SRC.
The first three steps are of the instruction fetch

Step | RTLtorld Control Signals

T-T2 |Instruction fatch As before
T3 A e (rb=0):0 {b=0:R[b];, | RBE, R2BUS, LA

T4 Ce A+ (160R=16= @IR=15.0=); |CZout, ADD, LC

Ts |MAR<C. Cout, LMAR

TG MER « M[MAR]; MARoUt, MRead, LMBR

T7 | Rlra]< MBR. MBERouT, RAE, BUS2R
Impotant Table:6

RBE is issued to allow the register rb value to be read R2BUS to allow the bus to read from the
selected register

LA to allow write onto the register A. This will allow the CPU bus contents to be written to the
register A.

At step T4 the control signals are:

c2out to allow the sign extended value of field c2 to be written to the internal CPU bus ADD to
instruct the ALSU to perform the add function.

L C to let the result of the ALSU function be stored in register C by enabling write of register C.

Control signals issued at step T5:
Cout is to read the register C, this copies the value in C to the internal CPU bus.

LMAR to enable write of the Memory Address Register (which will copy the value present on
the bus to MAR). This is the effective address of memory location that is to be accessed to read

(load) the memory word.
During the time step T6:
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MARout to read onto the external CPU bus (the address bus, to be more specific), the value
stored in the MAR. This value is an index to memory location that is to be accessed.

MRead to enable memory read at the specified location, this loads the memory word at the
specitied location onto the CPU external data bus.

LMBR is the control signal to enable write of the MBR (Memaory Buffer Register). It will obtain
its value from the CPU external data bus. Finally, the control signals issued at the time step T7
are:

MBRout 1s the control signal to allow the contents of the MBR to be read out onto the CPU
INnLerridl pus.

RAE 1s the control signal Tor the destination register tield ra. It will let the actual index of the ra
register be encoded, and

BUSZR will let the appropriate destination register be written to with the value on the CPU

mnternal pus.
Maousters

Subscriles to- Masters
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Lecture No. 16

Control Unit Design
Reading Material
Vincent P. Heuring & Harry F. Jordan Chapter 4
Computer Systems Design and Architecture 422,46.1
Summary

Control Signals Generation in SRC (continued...)
The Control Unit
2-Bus Implementation of the SRC Data Path

This section of lecture 16 is a continuation of the previous lecture.

Control signals for the store instruction stra, c2(rb)

The store time step operations are similar to the load instruction, with the exception of steps T6
and T7. However, one can easily interpret these now. These are outlined in the given table.

Step |RTL for st Control Signals
TO-T2 |Instruction fetch As before
T3 |A &« ((hb=0)0 (b#0) RBE, R2BUS, Baout, LA
RIrDj)
T4 |C+ A+(16aIR<16> CZout, ADD,LC
CIR<15, 0>);
TS5 |MAR« C. Cout, LMAR
T6 |MBR — R [ra], | RAE, RZBUS, INTZMBR, LMBR |
T7 |MMAR]« MBR, MARDUL, MWnite

Control signals for the branch and branch link instructions

Branch instructions can be either be simple branches or link-and-then-branch type
TOr the pranch INSTructions IS

brzrrb, rc

This is the branch and zero instruction we looked at earlier. The control signals for this
instruction are:

As usual, the first |Step |RTL for br Control signals

fhree steps are O |™7372 [instruction Fetch As before

fﬁtch phallcs?i Next, T3 |CON « cond(R[rc]); |LCON, RCE, R2BUS

the ollowing : : =
control —signale |_T4__|CON:PC < Rlrb] | RBE. R2BUS, LPC (if CON=1)

are issued:
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LCON to enable the CON circuitry to operate, and instruct it to check for the appropriate
condition (whether it is branch if zero, or branch if not equal to zero, etc.) RCE to allow the
register rc value to be read.

R2BUS allows the bus to read from the selected register.

At step T4:

RBE to allow the register rb value to be read rb value is the branch target address.

R2BUS allows the bus to read from the selected register.

LPC (if CON=1): this control signal is issued conditionally, i.e. only if CON is 1, to enable the
write for the program counter. CON is set to 1 only if the specified condition is met. In this way,
if the condition is met, the program counter is set to the branch address.

Branch and link instructions

The branch and link instruction is similar to the branch instruction, with an additional step, T4.
Step T4 of the simple conditional branch instruction becomes the step T5 in this case.

Step |RTL Control signals
TO-T2 |Instruction Fetch As before
T3 CON « cond(R[rc]), |LCON, RCE, R2BUS

T4 |CON R[ra]«< PC. |RAE,BUS2R, PCout (if
CON=1)

19 CON:. PC « RJrb], RBE, R2BUS, LPC (if CON=1)

The syntax of the instruction ‘branch and link if zero’ is
brlzrra, rb, rc

Table that lists the RTL and control signals for the store instruction of the SRC is given: The
circuitry that enables the condition checking for the conditional branches in the SRC is illustrated
in the following figure:

3108 Decoder
7 6 S 4 3.3 1' 0

i

BUS<31.8-

Newver Branch

Always Branch

p—
32 \= 0 ——mmT “Branchd |
/ l zeto l

Bit «31>only D

. <
‘ Branch if Branch if
_pustee ) _not zef0
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Control signals for the shift right instruction

The given table illustrates the RTL and the control signals for the shift right ‘shr’ instruction.
This is implemented by applying the five bits of n (nb4, nb3, nb2, nb1, nb0) to the select inputs
of the barrel shifter and activating the control signal SHR as explained in an earlier lecture.

Step | RTL for shr Control signals
TO-T2 | Instruction Fetch As before
T3 n<4..0><— |R<4.0>; LN
T4 (N=0):(n<4..0> LN({(N=0), RCE, R2BUS

R[rc]<4..0>);
T5 C «— (Na0) ©R[rb]<31..N>; | LC, SHR(N)

T6 Rlra] <— C; Cout, RAE, BUSZR

Generating the Test Condition N=0

31 4 0
IR RO count

The Control Unit

The control unit is responsible for generating control signals as well as the timing signals. Hi nce
the control unit is responsible for the synchronization of internal as well as external events By
means of the control signals, the control unit instructs the data path what to do in every clock
cycle during the execution of instructions.

Control Unit Design

Since the control unit performs quite complex tasks, its design must be done very carefully. Most
errors in processor design are in the Control Unit design phase. There are primarily two
approaches to design a control unit.

Questiorv

Hardwired approach is relatively faster, however, the final circuit is quite complex. The micro-
programmed Iimplementation is usually slow, but It 1s much more flexible.
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“Finite-state machine” concepts are usually used to represent the CU. Every state corresponds to

one “clock cycle” i.e., 1 state per clock. In other words each timing step could be considered as

just 1 state and therefore from one timing step to other timing step, the state would change. Now,

if we consider the control unit as aJlack box, then there would be four sets of inputs to the
Quuestion CONLIOI UNIL. | Nese are as TolIows:

1. The output of timing step generator (There are 8 disjoint timing steps in our example TO-
T7).

2. Op-code (op-code is first given to the decoder and the output of the decoder is given to
the control unit).

3. Data path generated signals, like the “CON” control signal,

4. Signals from external events, like “Interrupt” generated by the Interrupt generator.

The complexity ot the control i1s a function ot the
* INUMDEr OT States

+ Number of inputs to the CU
+ Number ot the outputs generated by the CU

Hardwired Implementation of the Control Unit

The accompanying block diagram shows the inputs to the control unit. The output control signals
generated from control unit to the various parts of the processor are also shown in the figure.

n ;
—_—
g o (°— signals
- 3 G from the
g @ data path
o8 -
b g . Hardwired decoded
w op<ode
S o < —  Control  e— oh<ote
o : Unit - e
» © — “signals
S 7, from
at W oxterna|
3] —
o)

T

timing step generator

Example Control Unit for the FALCON-A

The following figure shows how the operation code (op-code) field of the Instruction Register is
decoded to generate a set of signals for the Control unit.
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5...1110..8 0
Op-code| ra ces Instruction Register
5 to 32 |0 OFD for add
decoder |1 _OFP] foxaddi
0 2 OP2 forsub
1 3 OF3 forsubi
2 4 _0P4 for mul
3 {5 _OPS fordin
. 4 ¢
Enable 31 OP31 for halt
. 1
&\ Logic 1’

[t ﬁl

This is an example for the FALCON-A processor where the instruction is 16-bit long. Similar
concepts will apply to the SRC, in which case the instruction word is 32 bits and IR <31...27>
contains the op-code. Similar concepts will apply to the SRC, in which case the instruction word
is 32 bits and IR<31..27> contains the opcode. The most significant 5 bits represent the op-code.
These 5-bits from the IR are fed to a 5-t0-32 decoder. These 32 outputs are numbered from 0-to-
31 and named as op0, opl up to op31. Only one of these 32 outputs will be active at a given time
.The active output will correspond to instruction executing on the processor.

To design a control unit, the next step is to write the Boolean Equations. For this we need to
browse through the structural descriptions to see which particular control signals occur in
different timing steps. So, for each instruction we have one such table defining structural RTL
and the control signals generated at each timing step. After browsing we need to check that
which control signal is activated under which condition. Finally we need to write the expression
in the form of a logical expression as the logical combination of “AND” and “OR” of different
control signals. The given table shows Boolean Equations for some example control signals.

]

5

Step RTL Control Signals
TO0 |MAR<«— PC; PCout, LMAR, C=B;
T1 |MBR<+— M[MAR], PCout, INC4, LPC, MRead,
PC«—PC +4: MARout, LMBR;
T2 |IR+— MBR; MBRout, C=B, LIR;
T3 |Instruction Execution

For example, PCout would be active in every TO timing step. Then in timing interval T3 the
output of the PC would be activated if the op-code is 20 or 22 which represent jump and sub-
routine call. In step T4 if the op-code is 16, 17, 18 or 19, again we need PCout activated and
these 4 instructions correspond to the conditional jJumps. We can say that in other words in step
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T1, PCout is always activated “OR” in T3 it is activated if the instruction is either jump or sub-
routine call “OR” in T4 if there is one of the conditional jumps. We can write an equation for it
as

PCout = TO + T3.(OP20 + OP22) + T4.(OP16 + OP17 + OP18 + OP19)

In the form of logic circuit the implementation is shown in the figure. We can see that we “OR”
the op-ode 20 and 22 and “AND” it with T3, then “OR” all the op16 up to op19 and “AND” it
with T4, then TO and the “AND” outputs of T3 and T4 are “OR” together to obtain the PCout.

PCout

P20
oP22

T4
Op16
Op17
Op18
Op1d

In the same way the logic circuit for LPC control signal is as shown and the equation would be :
LPC=T1+ T5.0P20 + T6.CON.(OP16 + OP17 + OP18 + OP19)

T1

16 | W
OP20 e e

T6

OP186
OP17
oP18 —
OP18 —{

|
5

We can formulate Boolean equations and draw logic circuits for other control signals in the same
way.
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Effect of using “real” Gates

We have assumed so far that the gates are ideal and that there is no propagation delay. In
designing the control unit, the propagation delays for the gates cannot be neglected. In particular,
if different gates are cascaded, the output of one gate forms the input of other. The propagation
delays would add up. This, in turn would place an upper limit on the frequency of the clock
which controls the generation of the timing intervals TO, T1... T7. So, we cannot arbitrarily
increase the frequency of this clock. As an example consider the transfer of the contents of a
register R1 to a register R2. The minimum time required to perform this transfer is given by

t111i|1 = tg + tbp + t('crmb + t1

The details are explained in the text with reference to Fig 4.10. Thus, the maximum clock

frequency based on this transfer will be 1/tmin. Students are encouraged to study example 4.1 of
the text.

2-Bus Implementation of the SRC Data Path

In the previous sections, we studied the uni-bus implementation of the data path in the SRC.
Now we present a 2-bus implementation of the data path in the SRC. We observe from this
figure that there is a bus provided for data that is to be written to a component. This bus is named
the ‘in’ bus. Another bus is provided for reading out the values from these components. It is
called the ‘out’ bus.

Abus 31 0 Bhus
(..in busn) 32 Rﬂ - Out bm”)
f— — “
_4‘, 32 | General ___ 32
Purpose
——  Registers —
R31
Both { IR L.
buses are [ l —
“Intamal J‘ PC ]
processor 1
buses"” ; w >
- MBR —_—— .
— A O |
- ] ] AN
\ \ / 3 N
\ A \ / B |/ “To Extersal
\ V /’ CPU Bus
\ ALSU / ———
\ c
\ / B

v J

Structural RTL for the ‘sub’ instruction using the 2-bus data path implementation

Next, we look at the structural RTL as well as the control signals that are issued in sequence for
instruction execution in a 2-bus implementation of the data path. The given table illustrates the
Register Transfer Language representation of the operations for carrying out instruction fetch,
and execution for the sub instruction.
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Step RTL
J TO MAR «— PC
|I'I3thl:5'rfl'1'": T MEBR « M[MAR], PC « PC + 4
LN
‘ T2 IR — MBR:
< | :
_ | T3 A «— R[rh],
instruction
Execute | T4 R[ra] — A- R[rc],

The first three steps belong to the instruction fetch phase; the instruction to be executed is
fetched into the Instruction Register and the PC value is incremented to point to the next-in-line
instruction. At step T3, the register R[rb] value is written to register A. At the time step T4, the
subtracted result from the ALSU is assigned to the destination register R[ra]. Notice that we did
not need to store the result in a temporary register due to the availability of two buses in place of
one. At the end of this sequence, the timing step generator is initialized to TO.

Control signals for the fetch operation

The control signals for the instruction fetch phase are shown in the table. A brief explanation is
given below:

Step RTL Control Signals
T0 |MAR<— PC; PCout, LMAR, C=B;
T1 |MBR<— M[MAR], PCout, INC4, LPC, MRead,
PC«—PC +4; MARout, LMBR;
T2 |IR+~— MBR; MBRout, C=B, LIR;
T3 | Instruction Execution

At time step TO, the following control signals are issued:

PCout: This will enable read of the Program Counter, and so its value will be transferred
OI10 tne "out” pPus

LIVIAK: 10 enaple the 10ad T0r IVIAK

C=B: This instruction is used to copy the value on the ‘out’ bus to the ‘in’ bus, so it can
be loaded into the Memory Address Register. We can observe in the data-path
implementation figure given earlier that, at any time, the value on the ‘out’ bus makes up

the operand B for the ALSU. The result C of ALSU is connected to the “in” bus, and
therefore, the contents transfer from one bus to the other can take place.

At time step T1:
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PCout: Again, this will enable read of the Program Counter, and so its value will be
transterred onto the CPU Internal “out’ bus

INC4: To instruct the ALSU to perform the increment-by-four operation.

that the ALSU IS assumed to Include an INC4 tunction.
MRead: To enable memory word read.

MARout: To supply the address of memory word to be accessed by allowin? the
contents ot the MAR (memory address register) to be written onto the CPU external

(address) bus.

LMBR: The memory word is stored in the register MBR (memory buffer register) by
applying this control signal to enable the write of the MBR.

At time step T2:

MBRout: The contents of the Memory Buffer Register are read out onto the ‘out’ bus, by
means of applying this signal, as it enables the read for the MBR.

C=B: Once again, this signal is used to copy the value from the ‘out’ bus to the ‘in’ bus,
so it can be loaded into the Memory Address Register.

LIR: This instruction will enable the write of the Instruction Register. Hence the
instruction that is on the “in” bus is loaded into this register.

At time step T3, the execution may begin, and the control signals issued at this stage depend on
the actual instruction encountered. The control signals issued for the instruction fetch phase are
the same for all the instructions.

Note that, we assume the memory to be fast enough to respond during a given time slot. If that is
not true, wait states have to be inserted. Also keep in mind that the control signals during each
time slot are activated simultaneously, while those for successive time slots are activated in
sequence. If a particular control signal is not shown, its value is zero.
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Lecture No. 17
Machine Reset and Machine Exceptions

Reading Material

Vincent P. Heuring & Harry F. Jordan Chapter 4
Computer Systems Design and Architecture 4.6.2,4.7,4.8

Summary

3-bus implementation for the SRC
The Machine Reset

Machine Exceptions

A 3-bus Implementation for the SRC

31 0

_ Chus 5 Ro Abus Bbus
us 4 5 s 324 324
implementation of the dat_a—path A T Daass |
for the SRC as shown in the — Registers —
figure. Two buses, ‘A’ and ‘B’
bus for reading, and a bus ‘C’ @i

for writing, are part ot this
implementation. Hence all the IR

1
|
. |
special purpose as well as the 7 :
general purpose registers have 5 .
two read ports and one write MBR |
port. The ' §
register
file must A \/ B
have 2 ALU
read ports C To External
and one I CPU Bus

write port

Structural RTL for the v v
Subtract Instruction using the 3-bus Data Path Implementation

We now consider how instructions are fetched and executed in 3-bus architecture. For this
purpose, the same ‘sub’ instruction example is followed.

The syntax of the subtract instructions is
subra, rb, rc

I ne structural K1L 10r

Step RTL
instruction is given in | T0 |MAR—PC: MBR — M[MAR], PC — PC +4;
the table. We observe Instruction,
that in this table, only Fewn ‘ T1 |IR — MBR;
two time steps are i -
Instruction | T2 |R[ra] — R[rh] - R[rc];

required  for  the Eencuts S
instruction fetch phase. :
At time step TO, the Memory Address Register receives the value of the Program Counter. This
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is done in the initial phase of the time step TO. Then, the Memory Buffer Register receives the
memory word indexed by the MAR, and the PC value is incremented. At time step T1, the
instruction register is assigned the instruction word that was loaded into the MBR in the previous
time step. This concludes the instruction fetch and now the instruction execution can commence.

In the next time step, T2, the instruction is executed by subtracting the values of register rc from
rb, and assigning the result to the register ra.
At the end of each sequence, the timing step generator is initialized to TO

Control Signals for the Fetch Operation

The given table lists the control signals in the instruction fetch phase. The control signals for the
execute phase can be written in a similar fashion.

Step |RTL Control Signals
TO | MAR—PC; MBR — M|MAR], PCout, INC4, LPC, LbMAR, MRead,
PC +—PC +4,
T IR+—MBR, MBRout, C=B, LIR,
T2 |Instruction_ Execution

The Machine Reset

In this section, we will discuss the following
Reset operation
Behavioral RTL for SRC reset

Structural RTL for SRC reset

The reset operation

Reset operation is required to change the processor’s state to a known, defined value. The two
essential features of a reset instruction are clearing the control step counter and reloading the PC
to a predefined value. The control step counter is set to zero so that operation is restarted from
the instruction fetch phase of the next instruction. The PC is reloaded with a predefined value
usually to execute a specific recovery or initializing program.

In most implementations the reset instruction also clears the interrupt enable flags so as to
disable interrupts during the initialization operation. If a condition code register is present, the
reset instruction usually clears it, so as to clear any effects of previously executed instructions.
The external flags and processor state registi;js are usually cleired too.

es, as most processors halt operations
immediately or within a few cycles of receiving the reset instruction. The processors state may
then be examined in its halted state.

Some processors have two types of reset operations. Soft reset implies initializing PC and
interrupt flags. Hard reset initializes other processor state registers in addition to PC and

interrupts enable flags. The software reset instruction asserts the external reset pin of the
processor.

Reset operation in SRC

Hard reset j"w Mtant

The SRC should perform a hard reset upon receiving a start (Strt) signal. This initializes the PC
and the general registers.
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SOTT Reset
The SRC should perform a soft reset upon receiving a reset (rst) signal. The soft reset results in
Initialization ot PC only.
The reset signal in SRC is assumed to be external and asynchronous.
PC Initialization
There are basically two approaches to initialize a PC.
1. Direct Approach
The PC is loaded with the address of the startup routine upon resetting.
2. Indirect Approach
The PC is initialized with the address where the address of the startup routine is located. The
reset instruction loads the PC with the address of a jump instruction. The jump instruction in turn
contains the address of the required routine.

le of ion is found i . Upon receiving the reset
instruction the 8086 initializes its PC with the address FFFFOH. This memory location contains a
jump instruction to the bootstrap loader program. This program provides the system initialization

Behavioral RTL for SRC Reset
The original behavioral RTL for SRC without any reset operation is:
Instruction_Fetch :=(! Run&Strt: (Run « 1; instruction_Fetch,
Run: (IR «— M [PC]; PC < PC+4;instruction_execution)),
instruction_execution:= (ld (:=op=1...) ;
This recursive definition implies that each instruction at the address supplied by PC is executed.
The modified RTL after adding the reset capability is
Instruction_Fetch:=(! Run&Strt :( Run « 1,
PC, R[0..31] < 0),
Run&!Rst :( IR «— M [PC],
PC «— PC+4, instruction_execution);
Run&Rst:( Rst «— 0, PC « 0);
instruction_Fetch),
The modified definition includes testing the value of the “rst” signal after execution of each
instruction. The processor may not be halted in the midst of an instruction in the RTL definition

To actually implement these changes in the SRC, the following modification are required to add
the reset operation to the structural RTL for SRC:

A check for the reset signal on each clock cycle
A control signal for clearing the PC

A control signal to load zero to control step counter

Example: The sub instruction with RESET processing

To actually reset the processor in the midst of an instruction, the “Rst” condition must be tested
after each clock cycle.

Let us examine the contents of each phase in the given table. In step TO, if the Rst signal is not
asserted, the address of the new instruction is delivered to memory and the value of PC is
incremented by 4 and stored in another register. If the “Rst” signal is asserted, the “Rst” signal is
immediately cleared, the PC is cleared to zero and T, the step counter is also set to zero. This
behavior (in case of ‘Rst’ assertion) is the same for all steps. In step T1, if the rst signal is not
asserted, the value stored at the delivered memory word is stored in the memory data register and
the PC is set to its incremented value.

In step T2, the stored memory data is transferred to the instruction register.

In step T3, the register operand values are read.
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In step T4, the mathematical operation is executed.
In step T5, the calculated value is written back to register file.

During all these steps if the Rst signal is asserted, the value of PC is set to 0 and the value of the
step counter is also set to zero.

| Step RTN Control Sequence

TO IRet: (MA « PC.C « PCH), |IRst:(PC.p LMAR, INC4, LC.
Rst(Rst «0PC « 0T« |MRead), Rst:(CirPC, Gotol);
0)

T1 IRst:(MD « M[MA]PC « | IRst:(C e LPC Wait),
C), Rst :(CIrPC, Gotal);
Rt (Rst < 0:PC <07 «
0)

T2 IRst: (IR « MD), IRst: (MBR,» LIR),
Rst(Rst —0 PC «0.T « |Rst: {CIPC, Gotol),
0)

T3 IRst: (A « R[rb]), IRst:(RBE, R2BUS, LA),
Rst{Rst « 0: PC «0: T « |Rst: {CIPC, Gotol);
g

T4 IRst:(C « A - R[rc]), IRst:(RCE, R2BUS, SUE, LC),
Rst.{Rst « 0 PC « 0T « [Rst (CIPC, Gotol);
0)

T5 IRst:(R[ra] « C), IRst:{LC. RAE, BUS2R: End),
Rel.(Rst «0:PC « 0, T« |Rst. (CIPC, Gotol),
0)

Machine Exceptions jm,pwttant

Anything that interrupts the normal flow of execution of instructions in the processor is
called an exception.

Exceptions may be generated by an external or internal event such as a mouse click or an
attempt to divide by zero etc.

External exceptions or interrupts are generally asynchronous (do not depend on the
system clock) while internal exceptions are synchronous (paced by internal clock)

The exception process allows instruction flow to be modified, in response to internal or
external events or anomalies. The normal sequence of execution Is Interrupted when an

exception is thrown.

Exception Processing
A generalized exception handler should include the following mechanisms:

1.

In case of nested exceptions or an exception
occurring while another is being handled the processor must be able to decide which
exception bears the higher priority so as to handle it first. For example, an exception
raised by a timer interrupt might have a higher priority than keyboard input.

lentificati f i I levi The processor must be able to identify the
interrupting device that it can to load the appropriate exception handler routine. There are
two basic approaches for managing this identification: exception vectors and
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“information” register. The exception vector contains the address of the exception
handling routine. The interrupting process fills the exception vector as soon as the
interruption is acknowledged. The disadvantage of this approach is that a lot of space
may be taken up by vectors and exception handler codes.
In the information register, only one general purpose exception handler is used. The PC is
saved and the address of the general purpose register is loaded into the PC. The
interrupting process must fill the information register with information to allow
identification of the cause and type of exception.
Saving ti As stated earlier the processor state must be saved before
jumping to the exception handler routine. The state includes the current value of the PC,
general purpose registers, condition vector and external flags.

I lisabli Juri itical I 2 processor must disable interrupts
while it is switching context from the interrupted process to the interrupting process, so
that another exception might not disrupt the transition.

les of Exceptions ntpaldant

Reset Exception

Reset operation is treated as an exception by some machines e.g. SPARC and MC68000.
IViachine Check

This is an external exception caused by memory failure

Data Access Exception
This exception is generated by it to protect against illegal
accesses.

Instruction Access Exception

Similar to data access exception

Alignment Exception
Generated to block misaligned data access

Types of Exception 5 ¢ f

These are exceptions raised during the process of decoding and executing the instruction.
Examples are illegal instruction, raised in response to executing an instruction which
does not belong to the instruction set. Another example would be the privileged
instruction exception.

Hardware Exceptions

There are various kinds of hardware exceptions. An example would be of a timer which
raises an exception when it has counted down to zero.

Variable trace and débuggihg is a tricky task. An easy approach to make it possible is
through the use of traps. The exception handler which would be called after each
instruction execution allows examination of the program variables.

Non-Maskable Exceptions

These are high priority exceptions reserved for events with catastrophic consequences
such as power loss. These exceptions cannot be suppressed by the processor under any
condition. In case of a power loss the processor might try to save the system state to the
hard drive, or alert an alternate power supply.

Interrupts (External Exceptions)

Exception handlers may be written for external interrupts, thus allowing programs to
respond to external events such as keyboard or mouse events.
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Lecture No. 18

Pipelining
Reading Material
Vincent P. Heuring & Harry F. Jordan Chapter 4
Computer Systems Design and Architecture 4.8
Summary

SRC Exception Processing Mechanism
Introduction to Pipelining
Complications Related to Pipelining

Pipeline Design Requirements

Correction: Please note that the phrase “instruction fetch” should be used where the speaker has
used “instruction interpretation”.

SRC Exception Processing Mechanism

Interrupt Request Interrupt Disable

Acknowledge ——
ireq: 9 Interrupt
jack: Flag IE:
Load PC with e e
Exception Vector e ir'|fo Save PC
% i <31...0>
Ivect<31...0> <15...0% in IPC<31...0

The following tables on the next few pages summarize the changes needed in the SRC
description for including exceptions:
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Behavioral RTL for Exception Processing

Instruction_Fetch:=

("Run&Strt: Run « 1, Start
Run & !(ireq&IE):(IR —M[PC], Normal Fetch
PC —PC + 4;

Instruction_Execution),

Run&(ireq&IE): (IPC « PC<31..0>, Interrupt, PC copied
11<15..0> « Isrc_info<15..0>, 1 is loaded with the info. PC loaded with
IE — 0: PC « lvect<31..0>, new address

iack « 1; iack < 0),
Instruction_Fetch);
Additional Instructions to Support Interrupts

Mnemonic Behavioral RTL Meaning

svi (0p=16) R[ra]<15..0> « 11<15..0>, Save Il and IPC

R[rb] « IPC<31..0>;

ri (op=17) [1<15..0> < R[ra]<15..0>, Restore Il and IPC

IPC<31..0> « RJ[rb];

een (op=10) IE « 1; Exception enable
edi (op=11) IE < O; Exception disable
rfi (op=30) PC — IPC, IE « 1; Return from interrupt
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Structural RTL for the Fetch Phase including Exception Processing

Step Structural RTL for the 1-bus SRC
T0 I(ireq&IE): (MA — PC, C «— PC + 4);

(ireq&IE): (IPC « PC, 11« lIsrc_info,

IE «— 0,PC « (220 0)©(Isrc_vect<7..0>)© 00, iack « 1;

iack < 0, End) ;
T1 MD «— M[MA], PC « C;
T2 IR «— MD;
T3 Instruction_Execution;

Combining the RTL for Reset and Exception Instruction_Fetch:=

RTL Event
fRun&!Rst&!(ireq&lE):(lR «— MI[PC], PC « PC+4; Normal
nstruction_Execution),
Run&Rst: (Rst <0, IE « 0, PC « 0; Instruction_Fetch), Fetch
IRun&Strt: (Run «1, PC « 0, R[0..31] < O; Instruction_Fetch), Soft Reset
Run&!Rst&(ireq&IE): (IPC < PC<31..0>, Hard Reset

jack «— 1; iack < 0; Instruction_Fetch) );

Introduction to Pipelining

Pipelining is a technique of overlapping multiple instructions in time. A pipelined processor
issues a new instruction before the previous instruction completes. This results in a larger

number of operations performed per unit of time. This approach also results in a more efficient
usage of all the functional units present in the processor, hence leading to a higher overall
throughput. As an example, many shorter integer instructions may be executed along with a
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longer floating point multiply instruction, thus employing the floating point unit simultaneously
with the integer unit.

Executing machine instructions with and without pipelining

We start by assuming that a given processor can be split in to five different stages as shown in
the diagram below, and as

explained later in this section. A  A— —_— E——
i its i Fetch Fetch Mermary Register
Each stage receives its input from o - oreth Aemes i

the previous stage and provides
its result to the next stage. It can
be easily seen from the diagram
that in case of a non-pipelined
machine there is a single
instruction add r4, r2, r3 being
processed at a given time, while
in a pipelined machine, five
different instructions are being
processed simultaneously. An
implied assumption in this case is
that at the end of each stage, we have some sort of a storage place (like temporary registers) to
hold the results of the present stage till they are used by the next stage.

add rd, r2, r3

Only one
functional
unit husy

Without Pipelining

addrd, r2,r3 sub B, r7, 15 shirl, r2, 4

All
functional
units busy

With Pipelining

Description of the Pipeline Stages jmpa’ltaﬂt

In the following paragraphs, we discuss the pipeline stages mentioned in the previous example.

1. Instruction Tetcn

As the name implies, the instruction is fetched from the |
instruction memory in this stage. The fetched instruction bits are ldr1, &

loaded into a temporary pipeline register.

2. Instruction decode/operand fetch

In this stage the operands for the instruction are fetched from the
register file. If the instruction is add r1, r2, r3 the registers r2
and r3 will be read into the temporary pipeline registers.

str2. b

5 add rd, r2,r3
3. ALU operation

In this stage, the fetched operand values are fed into the ALU
along with the function which is required such as addition, SIS rghs
subtraction, etc. The result is stored into temporary pipeline
registers. In case of a memory access such as a load or a store
instruction, the ALU calculates the effective memory address in
this stage.

4, Memory access

For a load instruction, a memory read operation takes place. For a store instruction, a memory
write operation is performed If there is no memory access involved in the instruction, this stage

is simply bypassed.

The ALU is also called the ALSU in some cases, in particular, where its “shifting” capabilities need to be
highlighted. ALSU stands for Arithmetic Logic Shift Unit.
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5. Register write
The result is stored in the destination register in this stage.

Latency & throughput jnwwttant

Latency 1s defined as the time required to process a single Instruction, while throughput IS
defined as the number ot Instructions processed per second. Pipelining cannot lower the latency
ot a single Instruction; however, It does Increase the throughput. With respect to the example
discussed earlier, in a non-pipelined machine there would be one instruction processed after an
average of 5 cycles, while in a pipelined machine, instructions are completed after each and
every cycle (in the steady-state, of course!!l). Hence, the overall time required to execute the
program is reduced.

Remember that the performance gain in a pipeline is limited by the slowest stage in the pipeline.

Complications Related to Pipelining
Certain complications may arise from pipelining a processor. They are explained below:
Data dependence

This refers to the situation when an instruction in one stage of the pipeline uses the results of an
instruction in the previous stage. As an example let us consider the following two instructions

Sl addr3,r2, r1
S2:subr4, 5, r3

There is a data-dependence among the above two instructions. The register R3 is being written to
in the instruction S1, while it is being read from in the instruction S2. If the instruction S2 is
executed before instruction S1 is completed, it would result in an incorrect value of R3 being
used.

Resolving the dependency o
There are two methods to remedy this situation:

1. Pipeline stalls Jntpafttant

instructions in the later part of the pipeline have completed execution. Hence our modified code
WOuUIU pecolrne

S1l:addr3,r2, rl
stall®

stall
S2:subr4,r5, r3

A pipeline stall can be achieved by using the nop instruction.

Page 187



Advance Computer Architecture - CS501

2. Data torwarding

When using data torwarding, special hardware 1s added to the processor, which allows the results
ot a particular pipeline stage to be transterred directly to another stage In the pipeline where they
are required. Data may be forwarded directly from the execute stage of one instruction to the
decode stage of the next instruction. Considering the above example, S1 will be in the execute
stage when S2 will be decoded. Using a comparator we can determine that the destination
operand of S1 and source operand of S2 are the same. So, the result of S1 may be directly
forwarded to the decode stage.

~hese are explained below:

Branch delay

Branches can cause problems for pipelined processors. It is difficult to predict whether a branch
will be taken or not before the branch condition is tested. Hence IT We Treat a brancn Instruction
like any normal instruction, the instructions following the branch will be loaded in the stages
following the stage which carries the branch instruction. If the branch is taken, then those

instructions would need to be removed from the pipeline and their effects if any, will have to be
undone. An alternate method is to introduce stalls, or nop instructions, after the branch

Instruction.
Question

Load delay
Another problem surfaces when a value is loaded into a register and then immediately used in the

next operation. Consider the following example:

Sl load r2, 34(rl)
S2:add r5, r2, r3

In the above code, the “correct” value of R2 will be available after the memory access stage in
the instruction S1. Hence even with data forwarding a stall will need to be placed between S1
and S2, so that S2 fetches its operands only after the memory access for S1 has been made.

Pipeline Design Requirements

For a pipelined design, it is important that the overall meaning of the program remains
unchanged 1.e., the program should produce the same results as 1t would produce on a non-
pipelined machine. It is also preferred that the data and instruction memories are separate so that
instructions may be fetched while the register values are being stored and/or loaded from data
memory. There should be a single data path so as not to complicate the flow of instructions and
maintain the order of program execution. There should be a three port register file so that if the
register write and register read stages overlap, they can be performed in parallel, i.e., the two
register operands may be read while the destination register may be written. The data should be
latched in between each pipeline stage using temporary pipeline registers. Since the clock cycle
depends on the slowest pipeline stage, the ALU operations must be able to complete quickly so
that the cycle time is not increased for the rest of the pipeline.

Designing a pipelined implementation

In this section we will discuss the various steps involved in designing a pipeline. Broadly
speaking they may be categorized into three parts:
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1. Adapting the instructions to pipelined execution

The instruction set of a non-pipelined processor is generally different from that of a pipelined
processor. The instructions in a pipelined processor should have clear and definite phases, e.g.,
add rl, r2, r3. To execute this instruction, the processor must first fetch it from memory, after
which it would need to read the registers, after which the actual addition takes place followed by
writing the results back to the destination register. Usually register-register architecture is
adopted in the case of pipelined processors so that there are no complex instructions involving
operands from both memory and registers. An instruction like add rl, r2, a would need to
execute the memory access stage before the operands may be fed to the ALU. Such flexibility is
not available in a pipelined architecture.

2. Designing the pipelined data path

Once a particular instruction set has been chosen, an appropriate data path needs to be designed
for the processor. The data path is a specification of the steps that need to be followed to execute
an instruction. Consider our two examples above

For the instruction add r1, r2, r3: Instruction Fetch — Register Read — Execute — Register Write,

Whereas for the instruction add rl, r2, a (remember a represents a memory address), we have
Instruction Fetch — Register Read —Memory Access— Execute — Register Write,

The data path is defined in terms of registers placed in between these stages. It specifies how the
data will flow through these registers during the execution of an instruction. The data path
becomes more complex if forwarding or bypassing mechanism is added to the processor.

3. Generating control signals

Control signals are required to regulate and direct the flow of data and instruction bits through
the data path. Digital logic is required to generate these control signals.

'You can check CS501 short lectures series on My
Youtube channel masters. Don't Forget to subscribe
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	1. Introduction to FALSIM
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	FALSIM
	1. Introduction to FALSIM:
	Figure 1 shows a snapshot of the FALCON-A Assembler. This tool loads a
	The FALCON-A Assembler has two main modules, the 1st-pass and the 2nd-pass. The 1st-pass module takes an assembly file with a (.asmfa) extension and processes the file contents. It then creates a Symbol Table which corresponds to the storage of all pr...
	FALCON-A Simulator:
	FALSIM Features:
	Select Assembly File: Labeled as “1” in Figure 1, this feature enables the user to choose a FALCON-A assembly file and open it for processing by the assembler.
	This feature if selected writes the Symbol Table (produced after the execution of the 1st-pass of the assembler) to a FALCON-A list file with an extension of (.lstfa). The Symbol Table includes data members, data addresses and labels with their respec...
	This feature if selected writes the Instruction Table to a FALCON-A list file with an extension of (.lstfa).
	Error Log: The Error Log is labeled as “4” in Figure 1. It informs the user about the errors and their respective details, which occurs in any of the passes of the assembler.
	Start Simulator: This feature is labeled as “6” in Figure 1. The FALCON-A Simulator is run using the FALCON-A Assembler’s Start Simulator option. The FALCON-A Simulator is invoked by the user from the FALCON-A Assembler. Its features are detailed as f...
	Registers: The area labeled as “12” in Figure 6. enables, the user to see values present in different registers before during and after execution.
	I/O Ports: I/O ports are labeled as “14” in Figure 6. These ports are available for the user to enter input operation values and visualize output operation values whenever an I/O operation takes place in the program. The input value for an input opera...
	Processor’s State: Labeled as “16” in Figure 6, this area shows the current values of the Instruction register and the Program Counter while the program executes.
	The following is a description of the options available on the button panel labeled as “18” in Figure 6.
	Change PC: This option lets the user change the value of PC (Program Counter). By changing the PC the user can execute the instruction to which the specified PC points.
	Change Register: Using the Change Register feature, the user can change the value present in a particular register.
	Display Memory: Display Memory shows an updated memory area, after a particular memory location other than the pre-existing ones is specified by the user.
	Display I/O: Display I/O works in a manner similar to Display Memory. Here the user specifies the starting index of an I/O port. This features displays the I/O ports stating from the index specified.
	In order to use the FALCON-A assembler and simulator, FALSIM, the source file containing assembly language statements and directives should be prepared according to the following guidelines:
	and a binary file with an extension .binfa will be generated by FALSIM.
	• Names in the source file can be of one of the following types:
	• Addresses in the “data and pointer area” within the memory: These can be defined using the .dw or the .sw directive. The difference between these two directives is that when .dw is used, it is not possible to store any value in the
	• Labels: An assembly language statement can have a unique label associated with it. Two assembly language statements cannot have the same name. Every label should have a colon (:) after it.
	picking up the first instruction stored at address 0 of the memory. (Address 0 is called the reset address of the processor). A jump [first] instruction can be placed at address 0, so that control is transferred to the first executable statement of th...
	• Address 4 to 125 can be used for addresses of data and pointers1. However, the main program must start at address 126 or less2, otherwise FALSIM will generate an error at the jump [first] instruction.
	• The last line in the source file should be the .end directive.
	• It is the responsibility of the programmer to make sure that code does not overwrite data when the assembly process is performed, or vice versa. As an example, this can happen if care is not exercised during the use of the .org directive
	3. Using FALSIM:
	• Select one or both assembler options shown on the top right corner of the assembler window labeled as “2”. If no option is selected, the symbol table and the instruction table will not be generated in the list (.lstfa) file.
	• Select the path and file containing the source program that is to be assembled.
	with an extension .binfa. FALSIM will also display the list file and any error messages in two separate panes, as shown in Figure 3.
	• Double clicking on any error message highlights and displays the corresponding erroneous line in the program listing window pane for the user. This is shown in Figure 4. The highlight feature can also be used to display any text
	• To start the simulator, click on the start simulation button labeled as “6”. This will open the dialog box shown in Figure 6.
	• This will open the simulation window with the executable program loaded in it as shown in Figure 8. The details of the different panes in
	the address of the printer driver at location 4. These two addresses are determined at assembly time in our case. In a real situation, these addresses will be determined at execution time by the operating system, and thus the ISR and the printer drive...
	• Although in a real situation, there will be many instructions in the main program, those instructions are not present in the dummy calling program. The first useful instruction is shown next. It loads the address of the printer driver in r6 from
	• The execution of the call instruction simulates the event of a print request by the user. This transfers control to the printer driver. Thus, when the call r4, r6 instruction is single stepped, the PC changes to 32h (50 decimal) for executing the
	• Double click on memory location 000A, which is being used for holding the PB (printer busy) flag. Enter a 1 and click the change memory button. This will store a 0001 in this location, indicating that a previous print job is in progress. Now
	• Click again on the single step button. Note that when the ret r4 instruction executes, the value in r4 (i.e., 28h) is brought into the PC. The blue highlight bar is placed on the next instruction after the call r4, r6 instruction in the main program.
	• Double click on the value of the PC labeled as “20”. This will open a dialog box shown below. Enter a value of the PC (i.e., 26h) corresponding to the call r4, r6 instruction, so that it can be executed again. A “list” of possible PC values can
	• Click single step again to enter the printer driver again.
	transfer to the next instruction after this instruction. This is mivi r1, 1 at address 0036h.
	• Notice that a 1 has been stored in memory location 000A, and r1 contains 11h, which is then transferred to the output port at address 3Ch (60 decimal) when the out r1, controlp instruction executes. This can be verified by double clicking on the
	• Continue single stepping till the int instruction and note the changes in different panes of the simulation window at each step.
	storing the environment. The five store instructions in the ISR save the CPU environment (working registers) before the ISR change them.
	[finish] instruction, which is the next instruction after the int instruction.
	• Change the I/O port at address 3Ah (which represents the status port at address 58) to 80 and then single step the in r1, statusp instruction. The value in r1 should be 0080.
	Figure 1
	Figure 2
	Figure 4
	Figure 7
	4. FALCON-A assembly language programming techniques:
	• If a signed value, x, cannot fit in 8 bits (i.e., it is outside the range - 128 to
	the movi r2, x instruction. The following instruction sequence should be used to overcome this limitation of the FALCON-A. First store the 16-bit address in the memory using the .sw directive. Then use two load instructions as shown below:
	• This is essentially a “memory-register-indirect” addressing. It has been made possible by the .sw directive. The value of a should be less than 15.
	• Large values (16-bit values) can also be stored in registers using the mul instruction combined with the addi instruction. The following instructions bring a 201 in register r1.
	• Bit setting and clearing can be done using the logical (and, or, not, etc) instructions.
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