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Chapter 1

Description of the ULM

1.1 Data Types

Binary digits are called bits and have the value 0 or 1. A bit pattern is a sequence of bits.
For example

X:=2xp-1...xg withx; € {0,1} for0 <k <mn

denotes a bit pattern X with 7 bits. The number of bits in bit pattern is also called its size
or width. The ULM architecture defines a byte as a bit pattern with 8 bits. Table [1.1]lists
ULM’s definitions for word, long word, quad word that refer to specific sizes of bit patterns.

1.2 Expressing the Interpretation of a Bit Pattern

For a bit pattern X = x,,_1 ... xq its unsigned integer value is expressed and defined through

n—1
w(X) = u(xy_1...x0) = ¥ x-2*
k=0

Signed integer values are represented using the two’s complement and in this respect the
notation

u(xy_o...%0), if x,_1=0,
$(X) =s(xy_1X4—2...X0) 1= {u(xn 2...X0) — on—1 elsen
D e ,

is used.

1.3 Registers and Virtual Memory

The ULM has 256 registers denoted as %0x00, ..., %0xFF. Each of these registers has a
width of 64 bits. The %0x00 is a special purpose register and also denoted as zero register.
Reading form the zero register always gives a bit pattern where all bits have value 0 (zero
bit pattern). Writing to the zero register has no effect.

The (virtual) memory of the ULM is an array of 24 memory cells. Each memory cell
can store exactly one byte. Each memory cell has an index which is called its address. The
address is in the range from 0 to 264~1 and the first memory cell of the array has address
0. In notations M (a) denotes the memory cell with address a.
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Data Size Size in Bytes ~ Size in Number of Bits
Bytes - 8

Word 2 16

Long Word 4 32

Quad Word 8 64

Table 1.1: Names for specific sizes of bit patterns.

1.3.1 Endianness

For referring to data in memory in quantities of words, long words and quad words the
definitions

Mp(a) = Mi(a)Mi(a+1)
My(a) = Ma(a)Mp(a+2)
Mg(ﬂ) = M4(a)M4(a+4)

are used. The ULM architecture is a big endian machine. Therefore we have the equalities

u(Mz(a)) = u(Mi(a)M;(a+1))
u(Mg(a)) = u(Ma(a)Mz(a+2))
u(Mg(a)) = u(My(a)My(a+4))

1.3.2 Alignment of Data

A quantity of k bytes are aligned in memory if they are stored at an address which is a
multiple of k, i. e.

My (a) is aligned < amod k=0
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Directives

2.1 .align <expr>

Pad the location counter (in the current segment) to a multiple of <expr>.

2.2 .bss

Set current segment to the BSS segment.

2.3 .byte <expr>

Expression is assembled into next byte.

2.4 .data

Set current segment to the data segment.

2.5 .equ<ident>, <expr>

Updates the symbol table. Sets the value of <ident> to <expr>.

2.6 .global <ident>

Updates the symbol table. Makes the symbol <ident> visible to the linker.

2.7 .globl <ident>

Equivalent to .globl <ident>:
Updates the symbol table. Makes the symbol <ident> visible to the linker.

2.8 .long <expr>

Expression <expr> is assembled into next long word (4 bytes).
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2.9 .space <expr>

Emits <expr> bytes. Each byte with value 0x00.

210 .string <string-literal>

Emits bytes for the zero-terminated <string-literal>.

211 .text

Set current segment to the text segment.

212 .word <expr>

Expression <expr> is assembled into next word (2 bytes).

213 .quad <expr>

Expression <expr> is assembled into next quad word (8 bytes).
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Instructions
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3.1 addq

3.1.1 Assembly Notation

addq imm, %y, %z

Purpose

Adds the zero extended immediate value imm to register $y and stores the result in regis-
ter 3z.

Format

32 24 20 16 0

0x12 z y imm

Effect
(u(%y) + u(imm)) mod 2%* — u (%z)

Updates the status flags:

Flag Condition

ZF  u(%y) + u(imm) mod 2% = 0

CF  u(%y) + u(imm) > 264

OF  s(%y) +s(imm) ¢ {—2%,...,2%3}
SE  s(%y) +s(imm) < 0

3.1.2 Assembly Notation

addq %x, %y, %z

Alternative Assembly Notation

movq %X, %z

Purpose

Adds register $x to register and stores the result in register %z.

Format

32 24 20 16 12 0
0x13 V4 y X
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Effect

(u(%y) + u(%x)) mod 24 — u (%z)

Updates the status flags:
Flag Condition
ZF  u(%y) + u(%x) mod 24 =0
CF  u(%y) + u(%x) > 2%
OF  s(%y) +s(%x) ¢ {—2%,...,20%}
SF  s(%y) +s(%x) <0
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Instructions

3.2 andq

3.2.1 Assembly Notation

andq imm, %y, %z

Format

32 24 20 16

0x18 V4 y

imm

Effect
u(imm) Ny u(%y) — u (%z)

3.2.2 Assembly Notation

andq %x, %y, %z

Format

32 24 20 16 12

0x19 V4 y X

Effect
u(%x) Np u(%y) — u (%z)
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3.3 getc

3.3.1 Assembly Notation

getc %x

Format

32 24 20

0x32 X

Effect

s(ulm_readChar()) Ny 255 mod 2%* — u (%x)
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3.4 halt

3.4.1 Assembly Notation

halt imm

Format

32 24 16 0

0x01 imm

Effect

halt program execution with exit code u(imm) mod 28

3.4.2 Assembly Notation

halt %x

Format

32 24 20 0

0x02 X

Effect

halt program execution with exit code u(%x) mod 28
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3.5 ja

3.5.1 Assembly Notation

ja offset

Format

32 24

0x09 offset>>2

Effect

If the condition
ZF=0ANCF=0
evaluates to true then

(u(%IP) + s(offset)) mod 2%* — u(%lIP)
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3.6 jae

3.6.1 Assembly Notation

jae offset

Format

32

24

0x0A

offset>>2

Effect

If the condition

CF=0

evaluates to true then

(u(%IP) + s(offset)) mod 2%* — u(%IP)
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3.7 jb

3.7.1 Assembly Notation

jb offset

Format

32 24

0x06 offset>>2

Effect

If the condition
CF=1
evaluates to true then

(u(%IP) + s(offset)) mod 2%* — u(%lIP)
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Instructions

3.8 jbe

3.8.1 Assembly Notation

jbe offset

Format

32

24

0x08

offset>>2

Effect

If the condition

ZF=1VCF=1

evaluates to true then

(u(%IP) + s(offset)) mod 2%* — u(%IP)
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39 jge

3.9.1 Assembly Notation

jge offset

Alternative Assembly Notation
jnl offset

Format

32 24

0x0B offset>>2

Effect
If the condition

SF = OF
evaluates to true then

(u(%IP) + s(offset)) mod 2°¢ — u(%IP)
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Instructions

3.10 jmp

3.10.1 Assembly Notation

jmp offset

Format

32 24

0x05

offset>>2

Effect

(u(%IP) + s(offset)) mod 2%* — u(%IP)

3.10.2 Assembly Notation

jmp %y, %x

Alternative Assembly Notation

call 0/oy, YoX

ret %y

Format

32 24 20 16

0x07 y X

Effect

(u(%IP) +4) mod 2% —  u(%x)
u(%y) —  u(%lIP)
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3.11 jng

3.11.1 Assembly Notation

jng offset

Alternative Assembly Notation
jle offset

Format

32 24

0x0D offset>>2

Effect
If the condition

ZF =1V SF # OF
evaluates to true then

(u(%IP) + s(offset)) mod 2°¢ — u(%IP)



22

Instructions

3.12 jnge

3.12.1 Assembly Notation

jnge offset

Alternative Assembly Notation

jl offset

Format

32 24

0x0C offset>>2

Effect

If the condition
SF # OF
evaluates to true then

(u(%IP) + s(offset)) mod 2%% — u(%IP)
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313 jnz

3.13.1 Assembly Notation

jnz offset

Alternative Assembly Notation

jne offset

Format

32 24

0x03 offset>>2

Effect
If the condition

ZF =0
evaluates to true then

(u(%IP) + s(offset)) mod 2°¢ — u(%IP)
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Instructions

314 jz

3.14.1 Assembly Notation

jz offset

Alternative Assembly Notation

je offset

Format

32 24

0x04 offset>>2

Effect

If the condition
ZF =1
evaluates to true then

(u(%IP) + s(offset)) mod 2%% — u(%IP)
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3.15 loads

3.15.1 Assembly Notation

loads imm, %dest

Purpose

Load sign extended immediate value into destination register.

Format

32 24 20 0

0x11 dest imm

Effect

s(imm) mod 2% — u (%dest)
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3.16 loadz

3.16.1 Assembly Notation

loadz imm, %dest

Purpose

Load zero extended immediate value into destination register.

Format

32 24 20 0

0x10 dest imm

Effect

u(imm) mod 2% — u (%dest)
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3.17 movb

3.17.1 Assembly Notation

movb %data, offset(%addr)

Alternative Assembly Notation
movb %data, (%addr)

Format

32 24 20 16

0x22 data | addr

offset

Effect

u(%data) mod 28 — u (M (addr)) with addr = (s(offset) 4 u(%addr)) mod 2°4
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3.18 movq

3.18.1 Assembly Notation

movq offset(%addr), %data

Alternative Assembly Notation

movq (%addr), %data

Format

32 24 20 16 0

0x23 data |addr offset

Effect
u (Mg (addr)) — u (%data) with addr = (s(offset) + u(%addr)) mod 254

3.18.2 Assembly Notation

movq %data, offset(%addr)

Alternative Assembly Notation

movq %data, (%addr)

Format

32 24 20 16 0

0x24 data |addr offset

Effect
u(%data) mod 2%* — u (Mg (addr)) with addr = (s(offset) + u(%addr)) mod 254
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3.19 movsbq

3.19.1 Assembly Notation

movsbq offset(%addr), %data

Alternative Assembly Notation
movsbq (%addr), %data

Format

32 24 20 16

0x21 data | addr

offset

Effect

s (M (addr)) — u (%data) with addr = (s(offset) + u(%addr)) mod 2°4
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Instructions

3.20 movzbq

3.20.1 Assembly Notation

movzbq offset(%addr), %data

Alternative Assembly Notation

movzbq (%addr), %data

Format

32 24 20 16

0x20 data |addr

offset

Effect

u (M (addr)) — u (%data) with addr = (s(offset) + u(%addr)) mod 254
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3.21 mulw

3.21.1 Assembly Notation

mulw imm, %y, %z

Format

32 24 20 16 0

0x16 z y imm

Effect

u(imm) - u(%y) Ap 65535 mod 2% — u (%z)

3.21.2 Assembly Notation

mulw %x, %y, %z

Format

32 24 20 16 12 0

0x17 z y X

Effect
u(%x) Ay 65535 - 1(%y) Ap 65535 mod 24 — u (%z)
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Instructions

3.22 putc

3.22.1 Assembly Notation

putc %x

Format

32 24 20

0x30 X

Effect

ulm_printChar(%x)

3.22.2 Assembly Notation

putc imm

Format

32 24 16

0x31 imm

Effect

ulm_printChar(imm)



3.23 shlq

33

3.23 shlq

3.23.1 Assembly Notation

shlq imm, %y, %z

Format

32 24 20 16

0x1C z y

imm

Effect
TODO: ulm_shiftLeft64

3.23.2 Assembly Notation

shlq %x, %y, %z

Format

32 24 20 16 12

0x1D z y X

Effect
TODO: ulm_shiftLeft64
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Instructions

3.24 shrq

3.24.1 Assembly Notation

shrq imm, %y, %z

Format

32 24 20 16

O0x1A z y

imm

Effect
TODO: ulm_shiftRightUnsigned64

3.24.2 Assembly Notation

shrq %x, %y, %z

Format

32 24 20 16 12

0x1B z y X

Effect
TODO: ulm_shiftRightUnsigned64
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3.25 subq

3.25.1 Assembly Notation

subq imm, %y, %z

Format

32 24 20 16

0x14 z y imm

Effect
(u(%y) — u(imm)) mod 2%* — u (%z)

Updates the status flags:

Flag Condition

ZF  u(%y) — u(imm) =0

CEF  u(%y)— u(imm) <0

OF (%y) — s(imm) ¢ {—2%3,...,26%}
SF (%y) — s(imm) < 0

v n

3.25.2 Assembly Notation

subq O/OX, 0/0y, %z

Format

32 24 20 16 12

0x15 z y X

Effect
(u(%y) — u(%x)) mod 2% — u (%z)

Updates the status flags:

Flag Condition

ZF  u(%y) —u(%x) =0

CE  u(%y)—u(%x) <0

OF  s(%y) —s(%x) ¢ {—2%,...,20%}

SF  s(%y) —s(%x) <0
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Chapter 4

ISA Source File for the ULM

Generator

U8 (OP u 8) (imm u 8)

R(OPu8) (xu4)

RR(OPu8) (yu4)(xud)

REL_JMP (OP u 8) (offset j 24)

U20_R (OP u 8) (dest u 4) (imum u 20)

S20_R (OP u 8) (dest u 4) (imm s 20)

R R ROPu8)(zu4)(yud)(xu4)
U16_R_R(OPu8) (zu4) (yu4) (immu 16)
516_R_R (OP u 8) (z u 4) (y u4) (imm s 16)
MR_R (OP u 8) (data u 4) (addr u 4) (offset s 16)
R_MR (OP u 8) (data u 4) (addr u 4) (offset s 16)

#
# CU (control unit) instructions
#

0x01 U8
: halt imm
ulm_halt(imm);

0x02 R
: halt Yox
ulm_halt(ulm_regVal(x));

0x03 REL_]JMP
: jnz offset
: jne offset

ulm_conditionalRelJump(ulm_statusReg[ULM_ZF] == 0, offset);

0x04 REL_JMP
: jz offset
: je offset

ulm_conditionalRelJump(ulm_statusReg[ULM_ZF] == 1, offset);

0x05 REL_JMP
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: jmp offset
ulm_unconditional RelJump(offset);

0x06 REL_JMP

: jb offset
ulm_conditionalRelJump(ulm_statusReg[ULM_CF] == 1, offset);

0x07 RR

: jmp %oy, Yox

s call Yoy, Yox

: ret %oy
ulm_absJump(ulm_regVal(y), x);

0x08 REL_JMP
: jbe offset
ulm_conditionalRelJump(ulm_statusReg[ULM_ZF] ==1
I | ulm_statusReg[ULM_CF] == 1, offset);

0x09 REL_JMP
: ja offset
ulm_conditionalRelJump(ulm_statusReg[ULM_ZF] == 0
&& ulm_statusReg[ULM_CF] == 0, offset);

0x0A REL_]MP
: jae offset
ulm_conditionalRelJump(ulm_statusReg[ULM_CF] == 0, offset);

0x0OB REL_]MP
: jge offset
: jnl offset
ulm_conditionalRelJump(ulm_statusReg[ULM_SF] == ulm_statusReg[ULM_OF],
offset);

0x0C REL_JMP
: jnge offset
: jl offset
ulm_conditionalRelJump(ulm_statusReg[ULM_SF] = ulm_statusReg[ULM_OF],
offset);

0x0OD REL_JMP
: jng offset
: jle offset
ulm_conditionalRelJump(ulm_statusReg[ULM_ZF] ==1 1|
ulm_statusReg[ULM_SF] != ulm_statusReg[ULM_OF],

offset);

#
# ALU (arithmetic logic unit)
#

0x10 U20_R
# Load zero extended immediate value into destination register.
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s :loadz imm, %dest

9% ulm_setReg(imm, dest);

91

o Ox11 SZO_R

o # Load sign extended immediate value into destination register.
o :loads imm, Y%dest

9% ulm_setReg(imm, dest);

96

o Ox12 U16_R_R

s # Adds the zero extended immediate value \\texttt{immy} to register
o # \\texttt{%y} and stores the result in register \ \texttt{%z}.
w :addq imm, %y, Y%z

101 ulm_add64(imm, ulm_regVal(y), z);

102

w03 Ox13 R_R_R

i # Adds register \\texttt{%x} to register and stores the result in
s # register \ \texttt{%z}.

ws : addq %x, %y, %oz

w7 1 movq %X, %z

108 ulm_add64(ulm_regVal(x), ulm_regVal(y), z);

109

n 0x14 U16_R_R

w :subg imm, %y, %z

m ulm_sub64(imm, ulm_regVal(y), z);

s 0x15 R_R_R

us 1 subq %x, %oy, %oz

116 ulm_sub64(ulm_regVal(x), ulm_regVal(y), z);

117

us  0x16 u16_R_R

wo : mulw imm, %y, Y%z

120 ulm_mul64(imm, ulm_regVal(y) & OxFFFF, z);
121

1 0x17 R_R_R

s mulw %x, Yy, Yoz

12 ulm_mul64(ulm_regVal(x) & OxFFFF, ulm_regVal(y) & OxFFFF, z);
125

e 0x18 U16_R_R

w :andg imm, %y, %z

128 ulm_and64(imm, ulm_regVal(y), z);

129

1o 0x19 R_R_R

131 ClTldq O/oX, O/oy, %z

13 ulm_and64(ulm_regVal(x), ulm_regVal(y), z);

133

1w Ox1A U16_R_R

ws @ shrg imm, %y, Y%z

136 ulm_shiftRightUnsigned64(imm, ulm_regVal(y), z);

s  O0x1B R_R_R

wo : shrg %x, Yoy, %oz

140 ulm_shiftRightUnsigned64(ulm_regVal(x), ulm_regVal(y), z);

141
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0xI1C U16_R_R
: shlg imm, %y, %z
ulm_shiftLeft64(imm, ulm_regVal(y), z);

0xID R_R_R
: shlq %ox, %oy, %oz
ulm_shiftLeft64(ulm_regVal(x), ulm_regVal(y), z);

#
# bus instructions
#

0x20 MR_R
: movzbq offset(%addr), Yodata
: movzbg (%addr), %data
ulm_fetch64(offset, addr, 0,1, ULM_ZERO_EXT, 1, data);

0x21 MR_R
: mousbq offset(%addr), Y%data
: movsbq (Yoaddr), Ydata
ulm_fetch64(offset, addr, 0,1, ULM_SIGN_EXT, 1, data);

0x22 R_MR
: movb Ydata, offset(%addr)
: movb Y%data, (Yoaddr)
ulm_store64(offset, addr, 0, 0, 1, data);

0x23 MR_R
: movq offset(%oaddr), Yodata
: movgq (%addr), %data
ulm_fetch64(offset, addr, 0,1, ULM_ZERO_EXT, 8, data);

0x24 R_MR
: movq Y%data, offset(Yoaddr)
: movq Ydata, (Yoaddr)
ulm_store64(offset, addr, 0, 0, 8, data);

#

#1/0 instructions

#

0x30 R

: putc %x
ulm_printChar(ulm_regVal(x));

0x31 U8
: putc imm
ulm_printChar(imm);

0x32 R
: getc %ox
ulm_setReg(ulm_readChar() & 0xFF, x);
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