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Goal of today 3

|

AVEA—SDEEBAEREIDFEIT L

Q1. What are three main components of a computer? ]

Q2. What is the principle that allows even a toy CPU to have five pipeline stages?
BEEODCPUTEHSENAT AV RAT—UICTEDRE (I HV?

Q3. Can computers calculate 5 billion + 1 correctly?

OV E1—RIE 20 B+1Z IELSETE TE3HV?

Q4. Your program is correct. But 100 times slower than colleague’s program. What should you do?

HE=-NTOT S LEETHERNELD. TEREDTAOT S LELYI100EBL. [FLKARERIE?

Q5. What can you do for the energy and digital deficit problem derived from depending on imported computers?

BN EERKFORRLELEIRILE— T ORI R FRIBDEFRTEIIAM?
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Arithmetic unit with logical elements 4

N-bit arithmetic requires Log N stages
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Basic units with Logic elements
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Computer with Basic units 6
\ alu /
A'I'U = CPU (Central Processing Unit)
Register /0 device

Small but Fast |
Large but Slow Main Memory Unit
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Goal of today 7

Q1. What are three main components of a computer?

AVEA—SDEEBAEREIDEIT L

Q2. What is the principle that allows even a toy CPU to have five pipeline stages?
BEEPDCPUTEHSENANT AV RAT—UICTESDRE (I HV?

Q3. Can computers calculate 5 billion + 1 correctly?

OV E1—RIE 20 B+1Z IELSETE TE3HV?

Q4. Your program is correct. But 100 times slower than colleague’s program. What should you do?

HE=-NTOT S LEETHERNELD. TEREDTAOT S LELYI100EBL. [FLKARERIE?

Q5. What can you do for the energy and digital deficit problem derived from depending on imported computers?

BN EERKFORRLELEIRILE— T ORI R FRIBDEFRTEIIAM?



Computer = calculator with program

1. Sample C-source
% vi sample.c
main ()
{
printf ("Hello.\n");

}

2. C Compiler generates executables
» Preprocessor, Compiler, Assembler and Linker are called

» sample.Cc = CXXX.I = CXXX.S = CXXX.0 = sample
% gcc -v sample.c -o sample

/epp sample.c ofexxx. i
-feel - rfcxxx.1 -0 "/CXXX.S
.../as ...;m‘s -0 "')(cxxx.ﬂ
- /1d - -/cxxx.0 -0 sample

3. Execution

% ./sample
Hello.

20250401
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Source code to instructions q

Source code

int R1[100]; I* reg r1: top address of array R1[] */
int R2; [* R2: index for array R1[] */
R1[1] = R1[1]48; [* add 8 to second element of R1[] */
R1[R2]= R1[1]-R1[R2]; [*regr2: R2*
Instructions
1d rl,4,r4 r4 — mem[ri1+4]
add r4,8,r8 r8«—r4+8
st rl,4,r8 Mem[r1+4] < r8
1d rl,r2<<2,r5 r5 — mem[r1+r2*4]
sub r8,r5,r9 r9 «—r8-r5
st rl,r2<<2,r9 Mem[r1+r2*4] < r9

Computer repeats Fetch, Decode, Execution, Memory-access and Write-back.
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Typical functional decomposition 10

» 1. Fetch

Fetch an instruction from PC address of main memory
» 2. Decode

Decode the instruction and read data from register

Prepare control signals for following stages
» 3. Execute

Execute arithmetic, logical, shift or other operation

For load/store instruction, calculate effective address (add or sub)
» 4. Memory

For load instruction, read data from main memory to register
For store instruction, write data from register to main memory

Other instruction, do nothing
» 5. Write

Store result of execution or load data into a register
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Pipeline execution from fetch to write

Just do it sequentially ... like ancient 8bit CPU (no cache)
> T

inst1 Fetch | Decode | Execute | Cache Write

inst2 Fetch | Decode | Execute | Cache Write

inst3 Fetch | Decode | Execute | Cache Write

Fast execution by stage parallel execution

> Since temporal storage (pipeline registers) is required,
the improvement is smaller than the number of stages

> Even slower, if execution time of each stage is not balanced

>

T

inst1 Fetch Decode | Execute Cache Write

inst2 | Feich | Decode | Execute | Cache Write

inst3 Fetch Decode | Execute Cache Write

inst4 Fetch Decode | Execute Cache Write

inst5 Fetch Decode Execute Cache Write




Operation of master slave latch

When CK1, each pipeline stage starts operation

» If result of previous stage is arrived, propagation is blocked by latch
» If result is not arrived when CK1, propagation is failed
Therefore, to supply higher frequency clock without latency improvement

causes malfunction

Clock skew is also common reason of malfunction

Fetch <Inst1 Fetch

ck 1 / N\

A

Inst2 Fetch X

Begin End

/_\—

Decode.

Inst1 Decode:><lns_t2 Decode

Decode latency

Begin E

U -

Execute ><

nd
< >< TSﬂ EXGCF X Inst2 Exec
—_— | :  Execution latency

Clock skew (phase mismatch)
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Locate pipeline registers between stages

Clock and pipeline register

» By connecting output to input of previous stage, information can be hold
Ex. Use +4 logic as combinational logic to make program counter

c T

—

—

NENRR=—

Combinational logic

bab bl

Vil

Register file/Cache

NENRRN

L
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Fetch — Fetch an instruction 202501421

Read PC address of Main memory and write result to instruction buffer

32bit

— Main memory/

PC > : .
address — Instruction cache ——
‘-""'gﬂit 6bit Imm. 5bit  6bit Obit ,
st r1,4,r8 st 000001 | 1 U(}UUUE 000100 | 001000 | inst buf 3

addr4 818 |  add 000100 | 1| 00000F 001000 | 001000 | inst buf 2

Id rl.4.r4 Id 000001 | 1| 00000 000100 | 000100 | inst buf 1




Decode — Decode instruction

20250401
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Decode instruction then prepare control signals for ALU, input data,

output register number

8bit 6bit lmm. 5bit  6bit Gbit
Id rl4.r4 Id 000001 | 1] 00000; 000100 | 000100
| I :
# of register Immediate value |
—— Register file
E 32bit E :
Yooy v v 4y
ADD ALU input 1 Register No.
ALU input 2 4

inst buf 1



E t
xecute 16

Do operation that is specified by control signal, result is stored temporally
» Do address calculation for load/store instructions

ADD ALU input 1 Register No.
| | | | | | | | : :

ALU input 2

eyl

—| ogical op. unit (AND/OR)

Logical op. unit (XOR)

Arithmetic op. unit
— (with carry calculation )

REREREE

ALU output Register No.
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Cache — Read operand 17

Access memory with calculated address and store result temporally
» If virtual address cache, TLB is in this stage
» If store buffer is implemented, it is also in this stage

ALU output Register No.

32bit

l:Main memory/data cache—

Memory address

\ v \ \
Read data Register No.



Write — Write result 2025014%1

Write result to register file
> Note that there is register file in Decode stage
> If it is composed of latch, half cycle READ/WRITE is possible
> If it is composed of memory, half cycle operation is not possible

ALU output Register No.

: 32bit ;

Register file




Simply connect them together

Temporally register

32bit

PC
addres__s_,,,---

it 6bit  imm  Sbit  6bit

ADD

Why there are two register
files? Impossible!

Fetch

Decode

g bt ¥
storldss | s | ooooo1 | 1] oooooi ooooo | ootooo | inst buf 3
add r4.8 18 | add | ORI M0 | 1| D-cuoo-cu 001000 | 001000 | inst buf 2
1d vl 414 | 1d | OO0 |1| u-nuﬂnl ORI 10 | ooo1oo | jinst buf 1
I | ]
Register numberImmediate value
32hit {
v v v ¥
| ALU jnput 1

ALU input 2

ALU output

Memory addres

l

Read data

32bit

Register No.

Execute

A4
Register No.

1 L4
Register No.

Cache

Write

. WNAIST.
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Connect them correctly (Decode and Write are in one cyi??é;‘g

30hit
3
PC
Memory -
address __..-
Ferwch
it 6hit 1 imm_ Shit &hit Ghit
st 114s8 | s | 0oooo1 | 1f ooooo{ ooo1o0 | oolooo | inst buf 3
add r4,8,18 | add | 000100 | 1| 00000 001000 | 001000 | inst buf 2
Id rl.4.r4 | 1d | 000001 | 1| nnuuné 000100 | 000100 | inst buf 1 4
=1 i i
Register number #lmmediate value i H If I t
: 5 - Half cycle operation | i

is required here

h

32bit ; Decode

v ] ’ v v
ADD ALU inPut 1 Register No. +

R R Lo : :

ALU input 2 ; ;

Execute
P
ALU output Register No. 4
Memory address Cache
|
v v v v

Read data Register No. 4
| |




Antiphase operation of pipeline register and register file

If register file is composed of latch, half cycle READ/WRITE are possible

» Write in first half cycle and read in second half cycle
» Register bypassing (explain later) can be omitted

If register file is composed of memory, half cycle operations are not possible
> Register bypassmg (explain Iater) is requwed

Fetch ><Inst1 Fetch >< Inst2 Fetch >< ><

ckl / :
; Begin End
Decode X ‘><Inst1 DecodexInst2 Decod$><
Decode latency
Register (@ ¢ @ O\ X
cK1 - -
CK T
-Enci
Execute

>< Inst1l Exec >< Inst2 Exec |
— |

Execution latency '
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load r1.,4,r4 load

000001 | | 1]| 00000 000100

000100

—

Register number

Immediate value

v

——— Register file ——«-

32bit

———

ALU input 1

Vo iV sy o¥e Ve ¥y ¥es¥  Shortcut
— Logical op. unit (AND/OR)

Logical op. unit (XOR)

Arithmetic op. unit

(with carry calculation )

‘HHHL

ALU output

Bypass for rd
Stilllt
l stall
32bit

Memory address

— Main memory/data cache—
™ —

Read data
l

! !
Register No.

' 4
Register No.

When load is done

Load then add (ld-use penalty if dependency is exists)

store

store rl,4,r8

000001 | 1

00000 000100

001000

v

Register number

Immediate value

.

-

Register file

-

32bit

"

-

~ADD \

ALU input 1

—

Memory address

I I T I
AWinput2 e

IR

!llur

— Logical op. unit (AND/OR)

-

Logical op. unit (XOR)

Arithmetic op. unit

E

(with carry calculation )

32bit

= Main memory/data cache—

L

Read data

! v
Register No.

'
'
'
'
|
I
|
|
i L A
' h
' '
'
|
I

! !
Register No.

e,

When execution of add is done
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Add then Store (no penalty by bypassing)

store rl.4,r8 store 000001 | 1| 00000 E 000100 | 001000
add r4,8,r8 store rl,4.r8 store 000001 | 1}| 00000 I 000100 [ 001000
Register number  Immediate value Registler No. | Register number  Immediate value
| i
4 |8 = =
—— Register file ——, : | Registerfile
32bit 32bit
¥ v T B ‘r ‘Ir r v ¥ i ::
ADD ALU input 1 | Store data Register No. | ALU input 1 Register No.
| | | | | | | | I | I I | |
ALU input 2 - | ALU input 2 [«
li | I - - - - | | | I : ll ll ll ll ll ll ll=IIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
““HHHHHHH“H < Vyy If necessary
—  Logical op. unit (AND/OR) i Shortcut ——=  Logical op. unit (AND/OR)
Bypass for r8 ; X
Logical op. unit (XOR) | P . Logical op. unit (XOR)
Arithmetic op. unit Arithmetic op. unit
L (with carry calculation ) I (with carry calculation )
| | ! ! i 8 R iy
Store data — ALU output Store data Register No.

32bit

— Main memory/data cache—

Memory address

y 4 v Y

Y

Read data Register No. z

When execution of add is done

=

»
32bit ,.-"

— Main memory/data cache—

Memory address

When add is completed

20250401
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Goal of today 74

Q1. What are three main components of a computer?

AVEA—SDEEBAEREIDEIT L

Q2. What is the principle that allows even a toy CPU to have five pipeline stages?
BEEODCPUTEHSENAT AV RAT—UICTEDRE (I HV?

Q3. Can computers calculate 5 billion + 1 correctly?
A E1—4I1,20{E+1ZF ELLETETESH?

Q4. Your program is correct. But 100 times slower than colleague’s program. What should you do?

HE=-NTOT S LEETHERNELD. TEREDTAOT S LELYI100EBL. [FLKARERIE?

Q5. What can you do for the energy and digital deficit problem derived from depending on imported computers?

BN EERKFORRLELEIRILE— T ORI R FRIBDEFRTEIIAM?



Fixed-point number vs Floating-point number

Decimal point

a b

26| 26( 24 | 23( 92| 21| 20|2-1(2-2(273(2~4 27 12812

2—8

Sign Integer Fraction

(a) Fixed-point format: a+ b

1 bit 8 bit 23 bit

AY E F

Sign Exponent Trailing significand

(a) Single precision

a b

26| 26| 24| 223( 22| 21|20 |2-1/2-2/2-3 241975 7-827712°8

Sign Exponent Trailing significand

(b) Floating-point format: b x 2”a

1 bit 11 bit 52 bit
AY E F
Sign Exponent

Trailing significand

(b) Double precision

25



Binary16 and binary128 format

Table 3.5—Binary interchange format parameters

Parameter binary16 | binary32 | binary64 | binary128 binary{k} (k> 128)
k, storage width 1n bits 16 32 64 128 multiple of 32
p. precision in bits 11 24 53 113 k — round(4 xlog2 (k)) + 13
emax, maximum exponent e 15 127 1023 16383 7 k=p=1) _
Encoding parameters
bias, E—e 15 127 1023 16383 emax
sign bit 1 1 | 1 1
w, exponent field width in bits 5 8 11 15 round(4 xlog2 (k)) — 13
f. trailing significand field width in bits 10 23 52 112 k—w-—1
k, storage width 1n bits 16 32 64 128 l+w+t

The function round() in Table 3.5 rounds to the nearest integer.

For example, binary256 would have p = 237 and emax = 262143.

26



Representable range and Accuracy

» C has no framework to detect integer-overflow
INT32 MAX +1 = INT32_MIN with no report
2int32 will not represent the population of the world

» Float can represent larger than 10billion, but ...
INT32 ... sign:1bit, integer:31bits
2147479552 + 1 = 2147479553
FP64 ... sign:1bit, exp:11bits, significand:52bits
2147479552.0 + 1.0 = 2147479553.0
FP32 ... sign:1bit, exp:8bit, significand:23bits
2147479552.0 + 1.0 = 2147479552.0 (incorrect)

27



Goal of today )8

Q1. What are three main components of a computer?

AVEA—SDEEBAEREIDEIT L

Q2. What is the principle that allows even a toy CPU to have five pipeline stages?
BEEODCPUTEHSENAT AV RAT—UICTEDRE (I HV?

Q3. Can computers calculate 5 billion + 1 correctly?

OV E1—RIE 20 B+1Z IELSETE TE3HV?

Q4. Your program is correct. But 100 times slower than colleague’s program. What should you do?
HIE=-OTATSLIEETHERNELL. THEREDTOY T LKLY 100fZ:EL . [ fF<ANERAIE?

Q5. What can you do for the energy and digital deficit problem derived from depending on imported computers?

BN EERKFORRLELEIRILE— T ORI R FRIBDEFRTEIIAM?



Memory Hierarchy

Too slow without cache memory

Registers in CPU

[t}

(64bit x 64)
>
2 T A A 1. Real path used by OS (operating system)
S
o
fh_"' < £ Level-1 cache in CPU
= T |2 (32KB)
-]l o
_qc, g % C a
2 ©< |, Level-2 cache in CPU (512KB)
2% | O Level-3 cache in CPU (30MB)
q-% =
182 1£
-’D= 3 Main memory I/O control
o (8GB'1 TB) registers
3
©
©
=
S

Virtual memory space in external storage
(paging device)

ol

File system in external storage

20250401
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Alignment of data-structure and cache-structure (2D-array)

» Location of data depends on programming language.
Top of array

N

K
A[0,0] | A[0,1 A[0,3 A[0,7 . : : :
OOT Al - MO RO oc of Alk,j] is “A[0,0] + elem_size * (num_j * k + j)”
A[L,0] | A[L,1] AlL, 3] A[L7] or “A[0,0] + elem_size * (num_k * j + k)”
Afk,0] | Alk,1] Ak J1— | Ak7]

Lo

A[5,0] |A[5,1] A5, 7] A[5,7]

In case of C:
for (i=0; i<1000; i++) /* A[0[0] ... A[999][999]
for (j=0; j<1000; j++)/* Inner-most loop should right-side index
A[i][j] = xxxx; /* A[0][0] A[0][1] ... A[999][998] A[999][999]

In case of FORTRAN:

DO 10 I=1,1000
DO 10 J=1,1000 --- Inner-most loop should left-side index
A(J,I) = xxxx - A[M][1] A[2][1] ... A[999][1000] A[1000][1000]
10 CONTINUE

20250401
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Which one is faster? 2025034011

double A[2048][2048]; double A[2048][2048];
double B[2048][2048]; double B[2048][2048];
main() main()
{ {

inti, j, k; inti, j, k;

for (i=0; i<64; i++) { for (i=0; i<64; i++) {

for (j=0; j<2048; j++) { for (j=0; j<2048; j++) {
for (k=0; k<2048; k++) for (k=0; k<2048; k++)
ALK]IO] = BIK][]*2.0+1.0; Alllk] = B[j][k]"2.0+1.0;

11} b1}

time: 10.94 sec time: 0.6 sec



Goal of today 27

Q1. What are three main components of a computer?

AVEA—SDEEBAEREIDEIT L

Q2. What is the principle that allows even a toy CPU to have five pipeline stages?
BEEODCPUTEHSENAT AV RAT—UICTEDRE (I HV?

Q3. Can computers calculate 5 billion + 1 correctly?

OV E1—RIE 20 B+1Z IELSETE TE3HV?

Q4. Your program is correct. But 100 times slower than colleague’s program. What should you do?

HE=-NTOT S LEETHERNELD. TEREDTAOT S LELYI100EBL. [FLKARERIE?

Q5. What can you do for the energy and digital deficit problem derived from depending on imported computers?
BNEHEERKFORRAELIRILT— TORILKRFREBDRFERAE LA H?




Energy consumption of servers

*Ref. LCS/JST https:

20250401

CO2: 0.5Mt/TWh 33

*Consumed energy (2019 global)

*Consumed energy in servers (2018 global)
*Consumed energy in servers (2030) green computing
*Consumed energy in servers (2030) as is

*Consumed energy in servers (2050) green computing
*Consumed energy in servers (2050) as is

*Consumed energy in servers (2018 Japan)
*Consumed energy in servers (2030) green computing
*Consumed energy in servers (2030) as is

*Consumed energy in servers (2050) green computing

*Consumed energy in servers (2050) as is

90TWh
190TWh
450TWh
3,400TWh
53,000TWh
6TWh
13TWh
30TWh
229TWh

3,500TWh

67,000TWh  33.5Gt

15TWh 105TWh  0.05Gt
320TWh 510TWh  0.25Gt
1,200TWh 1,700TWh  0.85Gt
7,200TWh 11,000TWh 5.5Gt

221,000TWh 270,000TWh 135Gt

0.7TWh 7TWh 3.5Mt


https://www.jst.go.jp/lcs/pdf/fy2021-pp-01.pdf
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Architectural Innovation for Green Computing
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Cache memory

CPU

Cache memory
. (T

Green Computing

: Coalescing

GPGPU

on

much congest

CPU
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SINGLE === 5stage pipeline —
High-speed Compiler

4way Ring+Cache® CGLA gen2

Coarse/CISC <
Programmable | way Ring+Cache®® CGLA gen3
Coarse/RISC _ CGRA
Mult+Accumulate @ Systolic Array
Fine Grained W% BRAM-+DDR == FPGA

Modern Computing Platforms

FPGA based
Low-speed P&R



Summary

Q1. What are three main components of a computer?

AVEL—SDEEBREREIDENT &L

Q2. What is the principle that allows even a toy CPU to have five pipeline stages?
BELPDCPUTESE/NATTAVRT—UICTESREILfAIH?

Q2. Can computers calculate 5 billion + 1 correctly?

O Ea—3IE20{E+1Z EELSETE TESH?

Q3. Your program is correct. But 100 times slower than colleague’s program. What should you do?
HE-DTOT I LIEETHRNMELV.TERED 70T 5 LAKYI100fFEL . [ fF<ARER(F?

Q4. What can you do for the energy and digital deficit problem derived from depending on imported
computers?

BN EERKFORBREL IRV — T ORILRFRBD R E(I A H?
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