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Chapter 1

An Overview of Ant-32

Ant-32 is a 32-bit processor, supporting 32-bit words and 8-bit bytes. The address space is shared by code
and data. Addresses are 32 bits.

Ant-32 is a big-endian processor. 16-bit and 32-bit quantities are stored with the most significant byte
first and the least significant byte last.

All instructions are one word (32 bits) wide and must be aligned to 32-bit boundaries. The high-order 8
bits of each instruction contain the opcode.

The architecture provides 64 general-purpose 32-bit integer registers, namedr0-r63. All register fields
in the instructions are 8 bits wide, however, allowing future expansion of the register set.

Registerr0 is read-only and always contains the constant 0.r0 may be used as a destination register,
and ifr0 is used as the destination register then the instruction is performed as usual, butr0 is not modified.

Virtual memory is made possible via a TLB-based MMU, specified as part of the architecture. For more
information, see section 3, page 7.

Ant-32 has two operating modes, supervisor and user. Processor exceptions always cause the processor
to enter supervisor mode. System calls are made via thetrap instruction, which triggers a designated
exception. Ant-32 also has a single hardware interrupt request line (IRQ). Interrupts are treated as a special
kind of exception. Interrupts can be enabled or disabled independently of other exceptions. For more
information about the exception architecture, see section 2.

In addition to the general-purpose registers, there are 16 special-purpose registers: 8 cycle counters and
8 registers related to exception handling. The registers numbered 240 through 247 are reserved for cycle
counters (described in section 4, page 11) and registers 248 through 255 are reserved for operating system
exception handling.

1
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Chapter 2

The Ant-32 Exception Architecture

When the Ant-32 processor takes an exception, control transfers to the address that has been specified as
theexception handler address, via theleh instruction. If an exception occurs before the exception handler
address has been loaded, the behavior is undefined.

There are eight exception registers,k0-k3 ande0-e3, and two processor flags relating to exception
handling: the interrupt disable flag and the exception disable flag. All of these items are accessible only in
supervisor mode. The exception registers occupy the last eight positions in the register name space, with the
following mappings and definitions given in Figure 2.1.

Figure 2.1: Exception Registers
r248 k0
r249 k1 Supervisor-only general registers read/write
r250 k2
r251 k3
r252 e0 Program counter shadow register. When the exception disable flag

is equal to 0, this register is updated every cycle with a copy of the
program counter.

r253 e1 Interrupt mask shadow register. When the exception disable flag is
equal to 0, this register is updated every cycle with a copy of the
interrupt disable flag in bit 0. The remaining bits are reserved.

read only

r254 e2 TLB latch register: When the exception disable flag is equal to
0, this register is updated with every address sent to the memory
system. Therefore, if any memory exception occurs, this register
will contain the address that caused the problem.

r255 e3 Exception code register. See Figures 2.2 and 2.3 for more infor-
mation.

When an exception occurs:

� The exception registerse0-e3 contain the exception context, as described above. In particular,e3

3



4 CHAPTER 2. THE ANT-32 EXCEPTION ARCHITECTURE

contains information about the type of exception that occurred.e3 can be interpreted as shown in
Figures 2.2 and 2.3.

Note that at most one of bits 1-3 ofe3 will be set. None of the three bits will be set if the exception
was due to anything other than a memory access.

� The interrupt disable flag and the exception disable flag are set.

� Execution continues at the exception handler address.

Note that the supervisor general registersk0-3 are not modified by the hardware at exception time; these
registers are available to be used by the exception handling code.

The intended exception handling model is that at exception entry, registersk0-3 are used as scratch
space; at exception exit, these registers are used to hold the operands of therfe instruction. Registerk0 is
not destroyed and can be used to hold information such as the current supervisor-mode stack pointer, thread
structure address, or the like. In SMP systems, this avoids the need to look up such things based on CPU
number.

The rfe (return from exception) instruction clears the exception disable flag and takes three register
arguments:

1st argument this register is used to load the program counter.
2nd argument bit 0 of this register is loaded into the interrupt disable flag.
3rd argument bit 0 of this register is loaded into the user-mode flag.

For compatibility with possible future revisions with expanded interrupt masks, the entire contents of
thee1 register should be saved at exception time and made available torfe for restoration.

The interrupt disable flag inhibits interrupts. The exception disable flag inhibits further exceptions; if an
exception occurs while the exception disable flag is set, the processor resets.

It is not meaningful to have exceptions disabled and interrupts enabled at the same time. Such a config-
uration may produce undefined behavior.

The exception disable flag is intended to prevent nested exceptions causing an unrecoverable loss of
data: if an exception were to occur in an exception handler beforee0-3 could be saved, their contents, and
thus important information about the state of some process, would be overwritten. The exception disable
flag should be cleared as soon as the exception handler has saved all the necessary state to be able to resume
if interrupted. The exception disable flag should then be re-asserted before reloading the general-purpose
registers before returning from exception, in order to ensure that these registers are properly restored.

The result of this arrangement is that the only way to fatally crash the processor is to have a mistake
in the exception entry/exit code. This is, while not ideal, definitely to be preferred to architectures where
an error such as stack overflow in supervisor mode at any time can cause a processor reset. There is one
drawback, however, which is that the exception handler must appear in one of the unmapped supervisor
segments.

Notes about particular exceptions:

IRQ If the IRQ line remains asserted when the interrupt disable flag is cleared again, another IRQ exception
will occur. However, at least one IRQ exception will occur if the IRQ line is raised, even if it is
subsequently lowered before the exception occurs.
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Figure 2.2: Exception Registere3

bits [31..4] Exception Type (see Figure 2.3)
bit 3 DF = 1, if the exception occurred on a data fetch.
bit 2 DS = 1, if the exception occurred on a data store.
bit 1 IF = 1, if the exception occurred on an instruction fetch.
bit 0 SU = 1, if the processor was in supervisor mode when the

exception occurred.

Figure 2.3: Valid Values for Bits [31..4] of Exception Registere3

Exception type Value Description
IRQ 1 Generated when the IRQ line on the processor is raised and the

interrupt disable flag is not set.
Bus error 3 Generated when the physical memory bus (external to the proces-

sor) rejects a memory access.
Illegal Instruction 4 Generated when instruction decoding fails.
Privileged Instruction 5 Generated when an instruction that is reserved for supervisor mode

is encountered in user mode.
Trap 6 Generated when a trap instruction is executed.
Divide by Zero 7 Generated by a division or mod by zero.
Alignment Error 8 Generated if a memory access is generated that does not meet

alignment requirements, that is, if ann-byte access is not aligned
on ann-byte boundary.

Segment Privilege 9 Generated if a reference to segments 1, 2, or 3 is attempted while
in user mode.

Register Violation 10 Generated by trying to write a supervisor-only register while in
user mode, or trying to write a read-only register other thanr0.

TLB Miss 11 Generated when address translation via the TLB cannot find a
matching valid TLB entry.

TLB Protection 12 Generated when address translation via the TLB finds a valid
matching TLB entry, but the entry prohibits the requested oper-
ation.

TLB Multiple Match 13 Generated when a TLB probe detects two (or more) TLB entries
for the probe address.

TLB Invalid Index 14 Generated when an invalid TLB index is used withtlbse or
tlble.

Timer Exception 20 Generated when the timer expires.
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Trap The low 24 bits of the trap instruction are not interpreted by the processor and may thus be used by
the operating system.

Illegal Instruction An illegal instruction exception occurs when an instruction with an invalid opcode is
encountered, or when an invalid operand to a valid opcode is encountered. Illegal operands include
non-existent registers, or odd-numbered registers to instructions that use register pairs.



Chapter 3

Virtual Memory Architecture

Ant-32 is a paged architecture, with additional segmentation in the virtual address space. The page size is
4KB.

Ant-32 contains a software-managed translation look-aside buffer (TLB) that maps virtual addresses to
physical addresses. The TLB contains at least 16 entries, and the number of entries must be a power of two.
A TLB miss generates an exception.

The top 2 bits of each virtual address determine the segment number. Segment 0 is the only segment
accessible in user mode, while segments 1-3 are accessible only in supervisor mode.

Ant-32 supports up to one GB of physical address space. Physical memory begins at address 0, but
need not be contiguous. Memory-mapped devices are typically located at the highest addresses, but the
implementor is free to place them wherever necessary.

Each segment is one GB in size, corresponding to the size of physical memory, but corresponds to a
different way of interpreting virtual addresses or accessing the memory. Segments 0 and 1 are mapped
through the TLB, and may be cached. Segments 2 and 3 are not mapped through the TLB– the physical
address for each virtual address in these segments is formed by removing the top two bits from the virtual
address. Segment 2 may be cached, but segment 3 is never cached for either read or write access (and is
intended to be used for memory-mapped devices).

The next 18 bits of each virtual address are the virtual page number. The bottom 12 bits are the offset
into the page.

Figure 3.1: TLB Entry Format

bits 31-30 bits 29-12 bits 11-0
Upper Word 0 Physical page number Page Attributes
Lower Word Segment Virtual page number (Available for OS)

Each TLB entry consists of two 32-bit words. The top 20 bits of the upper word are the top 20 bits of the
physical address of the page (if the VALID bit is not set in the lower word). Note that since Ant-32 physical
addresses are only 30 bits long, the upper two bits of the address, when written as a 32-bit quantity, must

7



8 CHAPTER 3. VIRTUAL MEMORY ARCHITECTURE

always be zero. The lower 12 bits of the lower word contain the page attributes bits. The page attributes
include VALID, READ, WRITE, EXEC, DIRTY, and UNCACHE bits, as defined in figure 3.2. The
remaining bits are reserved.

The top 20 bits of the lower word are the top 20 bits of the virtual address (the segment number and
the virtual page number for that address). The lower 12 bits of the upper word are ignored by the address
translation logic, but are available to be used by the operating system to hold relevant information about the
page.

Figure 3.2: TLB Page Attribute Bits

Reserved U D V R W X

Name Bit Description

EXEC 0 Instruction fetch memory access to addresses mapped by this TLB
entry is allowed.

WRITE 1 Write memory access to addresses mapped by this TLB entry is
allowed.

READ 2 Read memory access to addresses mapped by this TLB entry is
allowed.

VALID 3 Indicates a valid TLB entry. When this is set to 0, the contents of
the rest of the TLB entry are irrelevant.

DIRTY 4 Indicates a dirty page. When this is set to 1, it indicates that the
page referenced by this TLB entry has been written. This bit is set
to 1 automatically whenever a write occurs to the page, but can be
reset to 0 using the instructions that modify TLB entries.

UNCACHE 5 An uncacheable page. When this is set to 1, the page referenced
by the entry will not be cached in any processor cache.

Note that the top bit of the virtual address in the TLB will always be zero, because only segments
0 and 1 are mapped through the TLB, and the top two bits of the physical address will always be zero
because physical addresses have only 30 bits. If values other than zero are assigned to these bits the result
is undefined.

Translation from virtual to physical addresses is done as follows for any fetch, load, or store:

1. The virtual address is split into the segment, virtual page number, and page offset.

2. If the page offset is not divisible by the size of the data being fetched, loaded, or stored, an alignment
exception occurs.

All memory accesses must be aligned according to their size. In Ant-32, there are only two sizes–
bytes, and 4-byte words. Word addresses must be divisible by 4, while byte addresses are not re-
stricted.
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3. If the segment is not 0 and the CPU is in user mode, a segment privilege exception occurs.

4. If the segment is 2 or 3, then the virtual address (with the segment bits set to zero) is treated as the
physical address, and the algorithm terminates.

5. The TLB is searched for an entry corresponding to the segment and virtual page number, and with its
VALID bit set to 1. If no such entry exists, a TLB miss exception occurs.

Note that if there are two or more valid TLB entries corresponding to the same virtual page, exception
13 (TLB multiple match) will occur when the entry table is searched. (This exception will also occur
if the tlbpi instruction is used to search the TLB table.)

6. If the operation is not permitted by the page, a TLB protection exception occurs.

Note that a memory location can be fetched for execution if its TLB entry is marked as executable
even if it is not marked as readable.

7. Otherwise, the physical address is constructed from the top 20 bits of the upper word of the TLB and
the lower 12 bits of the virtual address.

8. If the physical address does not exist (which can only be detected when a memory operation is per-
formed) a bus error exception occurs.

Any of the exceptions that can occur during this process can be caught by the operating system, and the
offending instruction can be restarted if appropriate.

Note that the order in which the conditions that trigger these exceptions are checked isundefined, except
for the dependency that segment privileges are checked before the TLB is probed, and the TLB protection
is checked before the address is sent to the memory system. For example, attempting to load a word from
address0x80001001 in user mode can cause either an alignment exception (because the page offset is not
divisible by 4) or a segment privilege exception (because the segment is 1 and the processor is in user mode).

Along with a 30-bit physical address, anuncache bit is sent to the memory system whenever a memory
operation is performed. This bit is defined by the following rules:

� If the segment is 0 or 1, then theuncache bit is set to the value of the UNCACHE bit of the TLB
entry that maps that address.

� If the segment is 2, then theuncache bit is set to 0.

� If the segment is 3, then theuncache bit is set to 1.

If the implementation does not include a cache, or the cache is disabled, then this bit is ignored.
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Chapter 4

Ant-32 Cycle Counters

The Ant-32 architecture includes eight cycle counter registers that may be read and written from either user
or supervisor mode. These registers are summarized in figure 4.1.

Figure 4.1: Cycle Counter Registers
Register Description

240 CPU cycle counter (both user and supervisor mode)
241 CPU cycle counter for supervisor mode only
242 TLB misses
243 Reserved
244 IRQs
245 Total exceptions
246 Number of memory read cycles (not including instruction fetch)
247 Number of memory write cycles

11



12 CHAPTER 4. ANT-32 CYCLE COUNTERS



Chapter 5

The Ant-32 Instruction Set

5.1 Terms

Figure 5.1 gives the definitions of some of the terms used throughout the rest of this section.

Figure 5.1: Terms

src General integer register
des General integer register modified by an instruction
const16 Signed 16-bit constant
uconst8 Unsigned 8-bit constant
const8 Signed 8-bit constant
uconst5 Unsigned 5-bit constant

5.2 Arithmetic Operations

The arithmetic operations fall into four classes:

� 32-bit register-to-register operations, which take two 32-bit register operands and generate a 32-bit
result.

� 32-bit immediate operations, which take one 32-bit register operand and one constant and generate a
32-bit result.

� 64-bit register-to-register operations, which take two 32-bit register operands and generate a 64-bit
result.

� 64-bit immediate operations, which take one 32-bit register operand and one constant and generate a
64-bit result.

13



14 CHAPTER 5. THE ANT-32 INSTRUCTION SET

The mnemonics for the 64-bit operations all end in the “o” character. For the 64-bit operations, thedes
register must be even, and the upper 32 bits of the result are placed in registerdes+1. For example, if the
destination isr2, then the overflow will be placed inr3.

5.2.1 32-Bit Three-register Operations

The 32-bit three-register operations all use three registers: the first is the destination register, and the second
two are source registers. Overflow or underflow is ignored.

add Addition 0x80 des src1 src2

R(des) ✁ R(src1) + R(src2)

sub Subtraction 0x81 des src1 src2

R(des) ✁ R(src1) - R(src2)

mul Multiplication 0x82 des src1 src2

R(des) ✁ R(src1) ✂ R(src2)

div Division 0x83 des src1 src2

Exceptions: Division-by-zero

R(des) ✁ R(src1) / R(src2)

mod Modulo 0x84 des src1 src2

Exceptions: Division-by-zero

R(des) ✁ R(src1) MOD R(src2)

or Bitwise OR 0x85 des src1 src2

R(des) ✁ R(src1) OR R(src2)

nor Bitwise NOR 0x86 des src1 src2

R(des) ✁ R(src1) NOR R(src2)
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xor Bitwise XOR 0x87 des src1 src2

R(des) ✁ R(src1) XOR R(src2)

and Bitwise AND 0x88 des src1 src2

R(des) ✁ R(src1) AND R(src2)

shr Shift Right 0x8C des src1 src2

R(des) ✁ R(src1) ✄☎✄ R(src2)

Place intoR(des) the value inR(src1) shifted right by the number of bits specified by the value of
the low five bits inR(src2), sign extending into the high order bits.

shru Shift Right Unsigned 0x8D des src1 src2

R(des) ✁ R(src1) ✄☎✄ R(src2)

Place intoR(des) the value inR(src1) shifted right by the number of bits represented by the value
of the low five bits inR(src2), filling the high order bits with 0’s.

shl Shift Left 0x8E des src1 src2

R(des) ✁ R(src1) ✆☎✆ R(src2)

Place intoR(des) the value inR(src1) shifted left by the number of bits represented by the value
in the low five bits ofR(src2), filling the low order bits with 0’s.

5.2.2 32-Bit Immediate Operations

The 32-bit immediate arithmetic operations take two integer registers: (one source and one destination) and
a signed 8-bit constant. Overflow or underflow is ignored.

addi Add Immediate 0x90 des src1 const8

R(des) ✁ R(src1) + const8
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subi Subtract Immediate 0x91 des src1 const8

R(des) ✁ R(src1) - const8

muli Multiply Immediate 0x92 des src1 const8

R(des) ✁ R(src1) ✂ const8

divi Divide Immediate 0x93 des src1 const8

Exceptions: Division-by-zero

R(des) ✁ R(src1) / const8

modi Modulo Immediate 0x94 des src1 const8

Exceptions: Division-by-zero

R(des) ✁ R(src1) MOD const8

shri Shift Right Immediate 0x9C des src1 const8

R(des) ✁ R(src1) ✄☎✄ const8

Place intoR(des) the value inR(src1) shifted right by the number of bits specified by the value of
the low five bits ofconst8, sign extending into the high order bits.

shrui Shift Right Unsigned Immediate 0x9D des src1 const8

R(des) ✁ R(src1) ✄☎✄ const8

Place intoR(des) the value inR(src1) shifted right by the number of bits specified by the value of
the low five bits ofconst8, filling the high order bits with 0’s.

shli Shift Left Immediate 0x9E des src1 const8

R(des) ✁ R(src1) ✆☎✆ const8

Place intoR(des) the value inR(src1) shifted left by the number of bits specified by the value of
the low five bits ofconst8, filling the low order bits with 0’s.
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5.2.3 64-Bit Three-Register Operations

The 64-bit three-register operations all use three registers operands: the first is the base of the register pair
used to hold the result, and the second two aresrc registers.

addo Add with Overflow 0xA0 des src1 src2

Exceptions: Illegal instruction

R(des) ✁ (R(src1) + R(src2))[31..0]
R(des + 1) ✁ -1, if underflow
R(des + 1) ✁ 0, if no overflow
R(des + 1) ✁ 1, if overflow

64-bit addition:R(des) gets the low-order 32 bits of the result whileR(des + 1) gets -1,0, or 1.

If des is not even, an illegal instruction exception occurs.

subo Subtract with Overflow 0xA1 des src1 src2

Exceptions: Illegal instruction

R(des) ✁ (R(src1) - R(src2))[31..0]
R(des + 1) ✁ -1, if underflow
R(des + 1) ✁ 0, if no overflow
R(des + 1) ✁ 1, if overflow

64-bit subtraction:R(des) gets the low-order 32 bits of the result whileR(des + 1) gets -1,0, or
1.

If des is not even, an illegal instruction exception occurs.

mulo Multiply with Overflow 0xA2 des src1 src2

Exceptions: Illegal instruction

R(des) ✁ (R(src1) ✂ R(src2))[31..0]
R(des + 1) ✁ (R(src1) ✂ R(src2))[63..32]

64-bit multiplication: R(des) gets the low-order 32 bits of the result whileR(des + 1) gets the
high-order 32 bits of the result.

If des is not even, an illegal instruction exception occurs.

5.2.4 64-Bit Immediate Operations

The 64-bit immediate arithmetic operations take two integer registers: (one source and one destination) and
a signed 8-bit constant.

addio Add Immediate with Overflow 0xB0 des src1 const8
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Exceptions: Illegal instruction

R(des) ✁ (R(src1) + const8)[31..0]
R(des + 1) ✁ -1, if underflow
R(des + 1) ✁ 0, if no overflow
R(des + 1) ✁ 1, if overflow

64-bit addition:R(des) gets the low-order 32 bits of the result whileR(des + 1) gets -1,0, or 1.

If des is not even, an illegal instruction exception occurs.

subio Subtract Immediate with Overflow 0xB1 des src1 constr8

Exceptions: Illegal instruction

R(des) ✁ (R(src1) - const8)[31..0]
R(des + 1) ✁ -1, if underflow
R(des + 1) ✁ 0, if no overflow
R(des + 1) ✁ 1, if overflow

64-bit subtraction:R(des) gets the low-order 32 bits of the result whileR(des + 1) gets -1,0, or
1.

If des is not even, an illegal instruction exception occurs.

mulio Multiply Immediate with Overflow 0xB2 des src1 const8

Exceptions: Illegal instruction

R(des) ✁ (R(src1) ✂ const8)[31..0]
R(des + 1) ✁ (R(src1) ✂ const8)[63..32]

64-bit multiplication: R(des) gets the low-order 32 bits of the result whileR(des + 1) gets the
high-order 32 bits of the result.

If des is not even, an illegal instruction exception occurs.

5.3 Comparison Operations

The comparison operations take three registers. Thedes register is set to 0 or 1 depending on whether the
given condition holds for the twosrc registers.

eq Equal 0xC2 des src1 src2

R(des) ✁ 1 if R(src1) is equal toR(src2)
R(des) ✁ 0 otherwise.
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gts Greater Than (Signed) 0xC1 des src1 src2

R(des) ✁ 1 if R(src1) ✄ R(src2)
R(des) ✁ 0 otherwise.

ges Greater Than or Equal (Signed) 0xC3 des src1 src2

R(des) ✁ 1 if R(src1) ✝ R(src2)
R(des) ✁ 0 otherwise.

gtu Greater Than (Unsigned) 0xC5 des src1 src2

R(des) ✁ 1 if R(src1) ✄ R(src2)
R(des) ✁ 0 otherwise.

geu Greater Than or Equal (Unsigned) 0xC7 des src1 src2

R(des) ✁ 1 if R(src1) ✝ R(src2)
R(des) ✁ 0 otherwise.

5.4 Branch Operations

There are two sets of change of control flow operators. The first are branches relative to the address of
the currently executing instruction, and the second are absolute jumps. Both are constructed in such a way
to allow for use as subroutine call instructions. If used for simple branching,r0 may be specified as the
destination register. Each set is further divided into register-based and immediate categories. Note that
unconditional branches and jumps result ifR(src1) is set tor0.

There are both register-based branches and immediate branches. The register-based branches take three
general registers. If the given condition holds forR(src1) register, then execution branches to location
indicated byR(src2) and the address of the currently executing instruction is placed inR(des). In the
immediate form, execution branches to a location computed by multiplying the signed 16-bit constant by 4
and then adding it to the address of the currently executing instruction.

bez Branch if Zero 0xD0 des src1 src2

Exceptions: An alignment exception occurs if the branch address is not divisible by 4.

If the value inR(src1) is zero, then branch to the address formed by adding the address of the current
instruction andR(src2). In either case, the address of the current instruction is copied intoR(des).
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jez Jump if Zero 0xD1 des src1 src2

Exceptions: An alignment exception occurs if the branch address is not divisible by 4.

If the value inR(src1) is zero, then branch to the address inR(src2). In either case, the address
of the current instruction is copied intoR(des).

bnz Branch if Not Zero 0xD2 des src1 src2

Exceptions: An alignment exception occurs if the branch address is not divisible by 4.

If the value inR(src1) is non-zero, then branch to the address formed by adding the address of the
current instruction andR(src2). In either case, the address of the current instruction is copied into
R(des).

jnz Jump if Not Zero 0xD3 des src1 src2

Exceptions: An alignment exception occurs if the branch address is not divisible by 4.

If the value inR(src1) is non-zero, then branch to the address inR(src2). In either case, the
address of the current instruction is copied intoR(des).

bezi Branch Immediate if Zero 0xD4 src1 const16

If the value ofR(src1) is zero, branch to the address formed by adding the address of the current
instruction and 4✂ const16.

bnzi Branch Immediate if Not Zero 0xD6 src1 const16

If the value ofR(src1) is non-zero, branch to the address formed by adding the address of the current
instruction and 4✂ const16.

5.5 Load/Store Operations

The load instructions take two registers and a signed 8-bit constant. The first register is assigned the value
loaded from the address which is the sum ofR(src1) and the constant.

ld1 Load Byte 0xE0 des src1 const8

Exceptions: Bus error

R(des) ✁ MEMORY(R(src1) + const8)

Load sign-extended 8-bit byte.
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ld4 Load Word 0xE2 des src1 const8

Exceptions: Bus error, Alignment error

R(des) ✁ MEMORY(R(src1) + const8)

Load 32-bit word.

The store instructions take two registers and a signed 8-bit constant. TheR(src1) is the value to store,
and it is stored at the address which is the sum ofR(src2) and the constant.

st1 Store Byte 0xE4 src1 src2 const8

Exceptions: Bus error

MEMORY(R(src2) + const8) ✁ R(src1)

Store byte.

st4 Store Word 0xE6 src1 src2 const8

Exceptions: Bus error, Alignment error

MEMORY(R(src2) + const8) ✁ R(src1)

Store word.

ex4 Exchange Word 0xEA des src1 const8

Exceptions: Bus error, Alignment error

R(des) ✁ MEMORY(R(src1) + const8)
MEMORY(R(src1) + const8) ✁ R(des)

Exchange contents of register with location in memory. The exchange operation can be used to im-
plement synchronization primitives.

5.6 Constants

The lc operations take a single register and a signed 16-bit constant.lcl performs sign extension.

lcl Load Constant Low 0xF0 des const16

R(des)[31..16] ✁ const16[15]
R(des)[0..15] ✁ const16

Loadconst16 into the lower 16 bits of the destination register, and perform sign extension by dupli-
cating the sign bit ofconst16 in each of the upper 16 bits of the destination register.
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lch Load Constant High 0xF1 des const16

R(des)[31..16] ✁ const16
R(des)[0..15] ✁ R(des)[0..15]

Load const16 into the upper 16 bits of the destination register. The lower 16 bits ofR(des) are
unaffected.

5.7 Special Instructions

trap Trap into Supervisor Mode 0x10 unused unused unused

Exceptions: Trap

Enter supervisor mode. Continues execution at the address specified in the Exception Handler register
(loaded via theleh instruction). The low 24 bits of the trap instruction are not interpreted by the
processor and may thus be used by the operating system.

Note that whentrap is used to implement system calls, the address passed torfe must be incremented
by 4. Otherwise, thetrap instruction will simply be executed again.

info Information Request 0x11 des const16

The value placed inR(des) depends on the value ofconst16. See figure 5.2 on page 26 for a complete
listing of the valid values and their meanings.

5.8 Optional Instructions

The following instructions are provided optionally by the architecture. Theinfo instruction can be used to
determine which instructions are implemented on a specific processor.

srand can only be executed in supervisor mode.

srand Set Random Seed 0x61 src1 src2 src3

Exceptions: Illegal-instruction (if unimplemented), Privileged instruction

Seed the random number generator with the 96-bit number formed by concatenating the three src
registers. The initial seed, when the CPU is initialized, is always 0.

It is implementation-defined how many of the 96 possible bits are actually used to seed the random
number generator. Theinfo instruction can be used to detect how many bits of the seed are actually
used on any particular implementation. If fewer than 96 bits are used, the bits are taken first from src1,
then src2, and finally src3. In each case, bits are used from low to high (i.e., if an implementation uses
80 bits, all the bits from src1 and src2 are used while the lower 16 bits from src3 are used).
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srand can only be executed in supervisor mode.

rand Random 0x20 des 0 0

Exceptions: Illegal-instruction (if unimplemented)

Fills the destination register with a random 32-bit value.

cin Console Input 0x24 des 0 0

Exceptions: Illegal-instruction (if unimplemented)

Input character from simple “console” interface.

cout Console Output 0x25 0 src 0

Exceptions: Illegal-instruction (if unimplemented)

Output character to simple ASCII “console” interface.

5.9 MMU operations (supervisor mode only)

tlbpi Probe TLB Table 0x40 des src1 0

Exceptions: Privileged instruction, TLB Multiple Match

Probe the TLB table. Given a virtual addressR(src1), find the index of the corresponding TLB
entry and place it into the destination register. If there is no such entry, a -1 is given.

If duplicate matching entires are found, a TLB-duplicate exception will be generated.

tlble Load TLB Entry 0x41 des src1 0

Exceptions: Privileged instruction, Illegal instruction, TLB invalid index

Load TLB entry. Loads the TLB entry indicated by the index value inR(src1) into the general-
purpose register pair referenced byR(des). des must be an even-numbered register.

The lower word of the TLB entry is loaded into registerR(des), and upper word of the TLB entry is
loaded into registerR(des+1),

If the index is greater than or equal to the number of TLB entries, a TLB invalid index exception
occurs.

If des is not even, an illegal instruction exception occurs.

tlbse Store TLB Entry 0x42 0 src1 src2

Exceptions: Privileged instruction, Illegal instruction, TLB invalid index
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Store TLB entry. Constructs a TLB entry from the integer register pair indicated byR(src2) and
stores it in the TLB at the index specified byR(src1).

The lower word of the TLB entry is stored from registerR(src2), and the upper word of the TLB
entry is stored from registerR(src2+1),

If the index is greater than or equal to the number of TLB entries, a TLB invalid index exception
occurs.

If des is not even, an illegal instruction exception occurs.

5.10 Supervisor Mode Instructions

leh Load Exception Handler 0x44 0 src 0

Exceptions: Privileged instruction

Exception Handler Address✁ R(src)

The contents ofR(src) are loaded as the address of the exception handling routine.

If the value loaded into the exception register is not properly aligned (i.e., the two low order bits are
0), behavior upon an exception is undefined.

rfe Return to User Mode 0x45 src1 src2 src3

Exceptions: Privileged instruction

The interrupt disable flag is set to the value in the lowest bit ofR(src2), and the exception disable
flag is set to zero. If the lowest bit ofR(src3) is 1, then the processor enters user mode; otherwise
it remains in supervisor mode. (If this instruction is executed in user mode, a privileged instruction
exception occurs.) Execution continues at the addressR(src1).

Return from exception. Clears the exception disable flag.

sti Disable Interrupts 0x48 0 0 0

Exceptions: Privileged instruction

Set the interrupt disable flag to 1, disabling interrupts.

cli Enable Interrupts 0x49 0 0 0

Exceptions: Privileged instruction

Clear the interrupt disable flag to 0, enabling interrupts.

ste Disable Exceptions 0x4A 0 0 0

Exceptions: Privileged instruction
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Set the exception disable flag to 1, disabling exceptions.

cle Enable Exceptions 0x4B 0 0 0

Exceptions: Privileged instruction

Clear the exception disable flag to 0, enabling interrupts.

timer Set Instruction Count Timer 0x4D des src 0

Exceptions: Privileged instruction, Timer

Saves the old value of the timer toR(des), and sets the timer toR(src).

If the timer is disabled, then the value inR(des) will be zero.

If R(src) is zero or negative, then the timer is disabled (after its original value is saved toR(des)).

If the timer is enabled, its value is decremented every time an instruction is executed. When the timer
reaches zero, exception 20 occurs if exceptions are enabled. If exceptions are disabled when the timer
expires, then the exception is postponed until exceptions are enabled.

When theidle instruction is executed, if the timer is enabled then it is immediately decremented to
zero, causing an immediate timer exception.

Note that this timer is really only an instruction counter and should not be used as a substitute for real
time if accurate timing is necessary.

idle Idle the Processor 0x4E 0 0 0

Exceptions: Privileged instruction

Idle the processor until an interrupt arrives.

The CPU enters an idle state until the external interrupt line becomes active, whether or not the
interrupt disable flag is set.

In normal usage, theidle instruction is invoked with interrupts disabled and is followed by acli
instruction, so that the interrupt that terminated theidle can be delivered.

halt Stop Processor Execution 0x4F 0 0 0

Exceptions: Privileged instruction

Stops execution of the processor.

Stops execution of the processor. There is no way to resume execution; the processor must be reset.
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Figure 5.2: Information Request: values placed in des register

const16 value placed in des register

0 The number of general-purpose registers
This count does not include the kernel registers, exception regis-
ters, or cycle counters. In current implementations it is fixed at 64,
but future implementations may allow values from 8 to 240.

1 Reserved
2 The number of TLB entries
3 The number of bits used bysrand (0..96): if srand is unimple-

mented, then this value is zero.
4 Reserved
5 Optional feature support:

bits 0..3: number ofcin channels (0 to 15)
bits 4..7: number ofcout channels (0 to 15)
bit 8: 1 if rand is supported
bit 9: 1 if srand is supported

6 Processor manufacturer ID code
ID codes 0..255 are reserved for the Ant development team.

7 Processor spec version: the version of the processor specification
to which processor conforms.
bits 24..31: major version number
bits 16..23: minor version number
bits 8..15: release number
bits 0..7: release status (0xA =α, 0xB = β, 0xF = stable)
For example, the processor version for the implementation of ver-
sion 3.1.0a of Ant32 is0x0301000A.

8 CPU number (always 0 on a uniprocessor)
9 Processor implementation version

The meaning of this value is defined by the processor manufac-
turer.

Note: for all other values ofconst16, 0 is placed in the destination register.



Chapter 6

Initialization

When the Ant-32 processor is initialized or reset, the following steps are taken:

1. The processor mode is set to supervisor mode.

2. The exception-disable flag is set.

3. The interrupt-disable flag is set.

4. All of the TLB entries are set to be invalid, by setting each entry’s valid bit to zero. The value of
the rest of the bits in each TLB entry is undefined; no assumptions should be made about their initial
values.

5. All of the general registers are set to zero.

6. The cycle counter registers (r240 - r248) are set to zero.

7. The supervisor-only registers (r247 - r251) are set to zero.

8. The timer is set to zero and disabled. Any pending timer interrupts are discarded.

9. Any pending console I/O is discarded.

10. Execution begins at the address stored in virtual address0xfffffffc (the address of the last word in
the unmapped segment). This corresponds to physical address0x3ffffffc.

If memory location0xfffffffc cannot be accessed, then the behavior of the processor is undefined.

Therefore, when the processor boots, it is in supervisor mode, and it begins executing from the address
that has been loaded into physical address0x3ffffffc, using unmapped virtual addresses.

The value of the exception handler address is undefined after a reset. Theleh instruction should be used
to load an exception handler address before the exception-disable flag is cleared.

The contents of the exception register are undefined after a reset.
It is assumed that the firmware located at in the top page of physical memory will install its own excep-

tion handler during bootstrap in order to be able to handle device interrupts while initializing and loading an
operating system.
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