supplementary material on the Tiny Register Machine Implementation

not covered in class, not exam relevant

4.3 BEHIND THE SCENES OF ACTIVE CELLS
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TRM Architectural State

= PC
= 8 registers
= flag registers

* Memory (configurable)
= nK * 36 bits instruction memory (1k = 1024)

= nk * 32 bits data memory
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PL vs. HDL

Programming Language
= Sequential execution

= No notion of time

var a,b,c: integer;

a := 1;
b := 2;
c := a + b;

unknown
mapping
to machine
cycles

Hardware Description Language

Continuous execution (combinational logic)

wire [31:0] a,b,c;

assign a=1;
assign b=2;
assign c=a+tb;

no memory
associated

Synchronous execution (register transfer)
reg [31:0] a,b,c;

always @ (posedge clk)

begin
a <= 1; synchronous
b <= 2; at rising edge of
c <= a+t+b; the clock

end;
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Single-Cycle Datapath:
arithmetical logical instruction fetch

pcmux
pcMux

36 : 18
@»‘ pmadr pmout - IR

InsMem
(nK x 36)

clk
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Single-Cycle Datapath: instruction fetch

wire [PAW-1:0] pcmux, nxpc;
wire [17:0] IR;
reg [PAW-1:0] PC;

IM #(.BN(IMB)) imx(.clk(clk), .pmadr({{{32-PAW}{1'b0O}},pcmux[PAW-1:1]}),
.pmout (pmout));

assign IR = (~rst)? NOP: (PC[O0]) ? pmout[35:18] : pmout[17:0];

always @ (posedge clk) begin
if (~rst) PC <= 0;
else if (stalle)
PC <= PC;
else
PC <= pcmux;
end
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ADD RO R1 (0x08401)

Single-Cycle Datapath: register read

= STEP 2: Read source operands from register file

I wire [2:0] rd, rs;
¢ wire reghr;
WE wire [31:0] rdOut, rsOut;
dst , »' A source register
’ //register file
B [——p
IR RF
irs ass%gn %rs = IR[2:0];
“—PDPRA AN—i—) assign ird = IR[13:11];
Y N assign dst = (BL)? 7: ird;
4
d
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Single-Cycle Datapath: ALU

= STEP 3: Compute the result via ALU

dst

irs

A
RF
DPRA
WD
3|
o
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ADD RO R1 (0x08401)

wire [31:0] AA, A, B, imm;
wire [32:0] aluRes;

assign A = (IR[10])? AA:
{22°bO, imm};

assign minusA = {1‘bO, ~A} + 33°¢d1;
assign aluRes =
(MOV)? A:
(ADD)? {1°b0, B} + {1‘bo, A} :
(SuB)? {1¢bo, B} + minusA :
(AND)? B & A :
(BIC)? B & ~A :
(OR)? B | A :
(XOR)? B ~ A :
~A;
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Control Path

assign vector = IR[10] & IR[9] & ~IR[8] & ~IR[7];
assign op = IR[17:14];

assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign
assign

MOV
NOT
ADD
SUB
AND
BIC
OR

XOR
MUL
ROR
BR

LDR
ST

Bc

BL

LDH
BLR

(op
(op
(op
(op
(op
(op
(op
(op
(op
(op
(op
(op
(op
(op
(op

9);

1);

2);

3);

4);

5);

6);

7);

8) & (~IR[10] | ~IR[9]);
10);

11) & IR[10] & ~IR[9];
12);

13);

14);

15);

MOV & IR[10] & IR[3];

(op

== 11) & IR[10] & IR[9];

from Lectures on Reconfigurable Computing, Dr. Ling Liu, ETH Zirich

IR,;.,, | Function
0000 B.=A

0001 B.=~A
0010 B=B+A
0011 B=B-A
0100 B.=B&A
0101 B.=B&-~A
0110 B.=B|A
0111 B.=B"A
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ADD RO R1 (0x08401)

Single-Cycle Datapath: write back to Rd

= STEP 4: Write result back to Rd

—

ckf. PC /
I regwr
pcmux Lo S we
/A I
pcmux 36 8 3
Split| /| pmadr e PTOUL [ Split RA RE 8% |
(nK x 36) ) A, B
" bPRrA anl 32
clk Lo 5 12 32
| X imm 1
1 Y\_/_
| 32 /—
regmux / \_ALU
133
‘ 32 aluRes
aluRes
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ADD RO R1 (0x08401)

Single-Cycle Datapath: write back to Rd

wire [31:0] regmux;
wire regwr;

assign regwr = (BL | BLR | LDR & ~IR[10] |
~(IR[17] & IR[16]) & ~BR & ~vector)) & ~stalle;

assign regmux =
(BL | BLR) ? {{{32-PAW}{1'b0}}, nxpc} :
(LDR & ~loenbReg) ? dmout :
(LDR & loenbReg)? InbusReg: //from 10
(MUL) ? mulRes[31:0] :
(ROR) ?s3:
(LDH) ? H :
aluRes;
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Single-Cycle Datapath: LD

= STEP 3: Compute the memory address

—

ckf PC

/

pcmux 11
Split { /- {pmadr

clk

(nK x 36)

pmout

Split

regmux

ir/18

Ir[9:3] I regwr W
; extend

dst WE
7 ' Split |
B|3Z
RF isReg
1
. $
irs
7 AA 3%
32 4—gwo 2. | 3 32
= imm
/ \ ALU ; /
32 aluRes
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{— —

WrEnb
rdAdr

DatMem
rDat (2K x 32)

clk [~

rd
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Single-Cycle Datapath: LD

= STEP 4: Read data from data memory

—

32
clk 7 D

32 32
T T dmout 32

>

\
3 imm

ckf. PC / I
I — I
regWr \| zero h 4
4 7| extend WrEnb
" we + adr
/N A I Split |
pcmux 36 ir 18 B 3% Dat (nKDQASZ)
Split;-/pf pmadr " pmout a Split |~ RF I wrDal
(nK x 36) ) N\
irs
3 clk
/—{ DPRA AAl 32 D — rdDat

1 v\ /
| / 7
regmux \ ALU

32 aluRes

read data memory is clocked,
stall the processor for one
cycle.
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TRM Stalling

= stop fetching next instruction, pcmux keeps the current value

= disable register file write enable and memory write enable signals to
avoid changing the state of the processor.

= only LD and MUL instructions stall the processor.
= dmwe signal is not affected.

= regwr signal is affected.
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Single-Cycle Datapath: LD

= STEP 5: Write data back into the register file

—

ck | PC . |
I regWr zero / l
; extend , WrEnb
+ adr
WE .
dst ]
/A Split A
DM
pcmux 36 .18 3 | I
Split} /) pmadr pmout |/ Split 'r/1L B % wrDat  (nK x 32)
M RF |
(nK x 36) . v "
irs c
3 ™~
/| DPRA anl 32 ibat
clk 82 4 —wp 4 32 |32 3
| Z| imm
b N
| N
regmux / mulH \ U 32
32 aluRes
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TRM: LD

Verilog code in TRM module LD rd [rS+OffSEt]
)

wire [31:0] dmout;
wire [DAW:0] dmadr;
wire [6:0] offset;

reg IoenbReg;

Src register = Ir ignored

//register file (Harvard architecture!)

Assign dmadr = (irs == 7) ? {{{DAW-6}{1'b0}}, offset} : (AA[DAW:0] + {{{DAW-6}{1'b0}}, offset});

assign ioenb & (dmadr [DAW: 6]) ; <

I/O space: Uppermost
26 bytes in data

(LDR & ~IoenbReg)? dmout: memory

assign rfwd = ...

(LDR & IoenbReg)? InbusReg:
always @ (posedge clk)
IoenbReg <= ioenb;
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Single-Cycle Datapath: ST

STEP 4: Write data into the data memory

clk

pcmux

Split i/

clk

—_—
pc |/

pmadr

(nK x 36)

pmout

Split

regmux

ir/18

dst

irs

32

32
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aluRes

regWwr zero / h 4
4 extend ; WrEnb
+ v adr
WE }
A Split I - J
3 _l DM
B |22 PwDat  (nK x 32)
RF l
v
3 clk [~
DPRA AAl 37 rdDat
WD \ 32 132 32
% imm
3y \ /
muH \___ AtV / 32 )
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Single-Cycle Datapath: ST

= STEP 4: Write data into the data memory

wire [31:0] dmin;
wire dmwr;

//register file

DM #(.BN(DMB)) dmx (.clk(clk),
.wrDat(dmin),
.wrAdr({{{31-DAW}{1'b@}},dmadr}),
.rdAdr ({{{31-DAW}{1'b@}},dmadr}),
.WrEnb(dmwe),
.rdDat(dmout));

Assign dmwe
assign dmin

ST & ~IR[10] & ~ioenb;
B;
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Single-Cycle Datapath: set flag registers

always @ (posedge clk, negedge rst) begin // flags
handling
if (~rst) begin N <= 0; Z <= 0; C <= 0; V <= 0; end
else begin
if (regwr) begin
N <= aluRes[31];
Z <= (aluRes[31:0] == 0);
C <= (ROR & s3[@]) | (~ROR & aluRes[32]);
V <= ADD & ((~A[31] & ~B[31] & aluRes[31])
| (A[31] & B[31] & ~aluRes[31]))
| SuB & ((~B[31] & A[31] & aluRes[31])

| (B[31] & ~A[31] & ~aluRes[31]));
end

end
end
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Single-Cycle Datapath: set flag registers

—

/

clk
pcmux

Split adr RD

plit  / M

(nK x 36)
clk

Split

regmux

I regWr zero
¢ extend

/
WE
dst I_l
i A Split
ir 18 8[32 | |
' RF l
; N\
e DPRA ad 32
32 y WD ‘ 3% jZ jZ
| %‘ 2 imm
o e
/' 3% “+ 1+
32 / [ aluRes
' .
flagop 2 alu[32:31]
Condition 1 B[31]
Flag Regs
_ckh, NZCV) el A31]
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B

7

clk

wrEnb
adr

DM
wrDat (nK x 32)

rdOut

32




Single-Cycle Datapath: Branch instructions

= Type cinstructions, BR instruction, BL instruction
= PC<=PC+1+off
= PC<=Rs
= PC<=PC+1 (by default)
= PC <= PC (if stall)
= PC<=0 (reset)
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Single-Cycle Datapath: Branch instructions

—
okl PC |
' |
3 | regwr  [zero | y -
, extend | ’\’ , wrEnb
l | Yo + adr
p dst
\ /M A Split - J
4 pemux M A8 B 3% wrDat (nK x 32)
> Split} /) pmadr pmout |/ Split |
) IM RF |
| 4
(nK x 36) N\
0—Pp| irs 3 clk
/)| DPRA Aal 32 - rdQut
clk [ 82 s 3 JE 32
regV|VdSeI = imm 1
J»B
32 ; L
regmux | 7 ALU ;4- .
32
T /
clk~ aluRes
/
fliOp /
Condition I va
Flag Regs
cki. (N,Z,C,V) /
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Single-Cycle Datapath: Branch instructions

//pcmux logic
assign pcmux =
(~rst) ? O :
(stalle) ? PC:
(BL)? {{10{IR[BLS-1]}},IR[BLS-1: @]}+ nxpc :

(Bc & cond) ? {{{PAW-10}{IR[9]}}, IR[9:0]} + nxpc :

(BLR | BR ) ? A[PAW-1:0]
nxpc;
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Complete single-cycle datapath

rfwd

regWwr zero /
. extend

e
dst
7
B|3Z
RF |
. N4
irs
7 AAl-3Z
2l 3
> imm
2
—
Clki
H
32/ 1

|

flagOp e

Condition l }
1
7/

Flag Regs
clkfs (N,Z,C,V)

32

S

[
chL PC
¥
Jr 1
l 7
pcmux
Splitj/»{ pmadr pmout
0 (nK x 36)
clk [~
[ zero |
¥l extend
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| Split

32 32

VL el

aluRes

adr

N
-
+
™~
=
[on

rDat  (nK x 32)

clk

rdOut

32
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Possible Bachelor- / Master-thesis Topics

OS general

= OS Development: OS kernel testing on virtual machines: test integration
servers

" A2 bootloader with Shell on Zynqg (+Linker intelligence) SD card driver
Drivers

" Lossless videocompression engines: coder and decoder (Zyng ARM + FPGA)
= Clean & simple TCP/IP stack with improved performance on ARM

= USB 3 on ARM (XHCI driver)

= very simple, robust filesystem with scalable support for huge files

= window manager support with GPUs, e.g. using / programming the RPI
videocore



Possible Bachelor- / Master-thesis Topics

Language / Compiler:

* |Improved Interpreter Shell

= Generics / Templates with Oberon

= ARM64 backend (with support, instruction set basically entered already)

Tools

= Assembler decoder for GOF files, Improved GUI framework builder



EXPECTATIONS FOR THE EXAM



Background

ARM

= Characterize ARM Instruction Set

= Processor Modes, Register Shadowing, Interrupts / IRQ Table

Language Support

Loading and Linking

The Oberon execution model: Commands and Module Loading, Module
Unloading

Object Files and consistency

Runtime support: type inheritance and inference



Minos Case Study

= Memory Management: Classical Memory Layout
= MMU setup for Minos
= Stack- and Heap Management

* Preemptive, Rate Monotonic Scheduling. Single core scheduling with
one stack

= Process Context
= (Prevention of) data races

= SPI: characterization, communication model



A2 case study

= Multi-Core boot
= APIC: idea, most important tasks, Interprocessor Interrupts

= Race conditions and their prevention (multicore): Spinlocks and beyond

= Active Oberon Compute Model: Semantics of EXCLUSIVE / AWAIT (Egg-
Shell Modell)

= Stack Management
= Activity Management (A2): process states, data structures

= Context-Switches (Synchronous / Asynchronous) [no IRQ-trick details]



Lock-Free Kernel

= Spinlocks, CAS, Contention and Backoff

" Lock-free algorithms (counter, stack)

= ABA Problem

= Hazard-Pointers

= Implicit cooperative Multitasking = Processor local storage

= Task Switch Finalizers



Case Study 3: RISC / Oberon

" Pros & Cons of building from scratch
= Processor construction: instruction set (and stalls)
"= Measuring hardware speed

= Characterize the Oberon system (User Interface / Core Structure /
Programming Model)

= Memory mapped registers



Case Study 4: Active Cells

= Active Cells Programming Model: Idea, Semantics
* Hybrid compilation, Implementation (ideas)

= TRM

= Fast Path

= AXi-4 Stream interconnects

= Extensible Hardware, Engines (very qualitative)



Typical Exam Questions

Entry Questions

How does a multiprocessor system boot?

Typical memory layout of a one-/multi-processor system (no
heavyweight processes). Unmapped pages...

Specialities of ARM instruction set / the ARM architecture

W
W
W

nat is GPIO?

hat happens when a command is activated in Oberon

hat does module loading and module unloading mean and imply?



Progressing towards...

= How do you implement a low-level lock? On a single-core system, on a multicore-system?
= How to implement a lock-free stack? What is the ABA problem? How to solve it?

= Difference between static- and dynamic loading

= Remember why the first page of the system was unmapped? Pitfalls?

= Describe a simple scheduler with periodic and aperiodic tasks (etc.)

= Sketch the life cycles of processes in A2

= Stack allocation in A2. How could a dynamic stack be implemented?

= Advantages and disadvantages of 18-bit instructions of TRM

= Advantages and disadvantages of building hardware from scratch

" Hybrid compilation: what? How?

= Why patch code / data files to bit stream? Alternatives?

A selection of possible exam questions will be available through the repository



THE END

| will be available for further questions via email

felix.friedrich@inf.ethz.ch

Do not hesitate to ask!



