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Welcome to the advanced computer architecture course. I am Dipika Deb. And in this video,
I will explain how processors are implemented in gem 5. I will also give some insights on
how to solve the first assignment of gem 5. Assignment 1 deals with processor or core
optimizations. The optimizations are provided as parameters into the gem 5 simulator and we
can evaluate the performance of the simulated system.
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Moving further, this is the outline of today’s video, I initially discuss about the available CPU

models in gem 5 followed by the memory models. Next I will discuss how to run and
configure real benchmarks in gem 5. And at last I will provide some insight on solving the
assignment 1 in gem 5. As a quick recap, of our previous gem 5 videos, I have already
discussed about the CPU models that are available.

(Refer Slide Time: 01:41)



Q CPU models are designed with plug-in-capability with arbitrary
ISAs and memory systems.

Q Inside gemb directory:
1. src/arch: specifies architecture and ISA's
2. srclcpu: specifies CPU models.

3. src/mem: specifies Memory models

Q gem5 supports two CPU models:

1. In-Order CPU
2. Out-of-Order CPU.
(&
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CPU models are designed with plugin capability with arbitrary ISAs that is instruction set

architectures and memory systems. By this I mean that different CPU models can be
integrated with the available chip memory models as in plugin capabilities. As a tool to the
gemb directory we have seen the first directory specifies the architecture and the instruction

set architecture present in gem5.

The second directory specifies the CPU models and the third directory specifies the memory

models as a border category of CPU models, gem5 supports 2 such models in-order CPU and
out-of-order CPU.
(Refer Slide Time: 02:28)

Supported CPU Models

U In-Order CPU Model contains three models:
1. AtomicSimpleCPU Simple CPU
2. TimingSimpleCPU (timing)
3. InOrderCPU (MinorCPWj

Detailed CPU

Q Out-of-Order CPU Models contains only one model:
1. O3CPU or DerivO3CPU or detailed.
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Dipika Deb | John Jose % .

Reference: http://gem5.org/CPU_Models MARS Rosearch Lab, CSE@IITG =

Now I will go in details of the 2 CPU models supported in gem 5 in-order CPU model, which

contains 3 such sub models that is AtomicSimpleCPU, TimingSimpleCPU, or Timing. And

the next one is in-order CPU. The name given to this model in gem 5 is MinorCPU. While



there is just one out of order CPU model, that is O3CPU or DerivO3CPU available in gemb.
The first 2 CPU models are also known as simple CPU models. And the next 2 are known as
detailed CPU models.

(Refer Slide Time: 03:09)

Supported Memory Models

0 gemb builds different memory components like caches, DRAM,

DRAM Controllers, Interconnections like crossbars, NoC, bus.

U gemb has two memory models:
1. Classic Memory

2. Ruby Memory
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Moving further gem5 builds different memory components like the caches that is L1 cache

L2 cache, main memory, DRAM controllers, and also the interconnection backbone. To
implement the memory system gem5 uses 2 memory models that is classic memory and ruby
memory. [ will defer the discussion of ruby memory module in the next video throughout the
assignment of gem5 we will use the ruby memory module.

(Refer Slide Time: 03:43

CPU and Memory Model Interaction

gem5-CPU structure gemb-Memory
= CPU Model sendTimin
g :

Decoder AtomicSimpleCPU Classic
(RISC/CISC) Memory Model
Interrupts TimingSimpleCPU

""""""" ~ | InOrderCPU
Ruby Memory
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src/arch/ src/cpu
src/mem/
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The figure shows the interaction between gem 5 CPU structure and the memory modules. In
this video, I will describe only on the available CPU models specially O3CPU or out of order
CPU. The implementation of O3CPU can be found in this directory.



(Refer Slide Time: 04:09)

CPU Models

Q AtomicSimpleCPU :

All operations of an instruction is completed on a tick.

Q TimingSimpleCPU : : ¢
Memory access are done using timing paths. 5/ O ,
!
Q InOrder CPU : \

Models the timing of each pipeline stages
Q DerivO3CPU :

Models the timing of each pipeline stages ‘q
0
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In CPU models, the AtomicSimpleCPU and TimingSimpleCPU are implemented as the

conventional MIPS 5 stage pipeline that is the pipeline has a fetch stage, a decode stage, a
execute stage, a memory stage and a writeback stage. The only difference between atomic
SimpleCPU and TimingSimpleCPU is that for an AtomicSimpleCPU, all the operations

related to an instruction is completed within a single cycle tape.

On the other hand, in TimingSimpleCPU, the timing behaviour of memory accesses are taken
care of that is the memory are been accessed in fetch stage and in memory stage. In fetch
stage the fetch delay, where the CPU brings instructions and data from the memory is taken
care of, while the memory delay during the MEM stage is also accurately being processed in

TimingSimpleCPU. Hence, it is also known as timing module.

In Minor CPU, and out of order CPU, each pipeline stages are modelled with accurate
timings as in real system. The difference between these 2 models are the InOrder CPU is
modelled as a 4 stage pipeline, that is the first stage is fetch 1, the second stage is fetch 2 the
third stage is decode stage and the fourth stage is execute stage. In InOrder CPU or Minor

CPU, the program execute and fetches in InOrder and it also executes in InOrder.

On the other hand, the out of order CPU is modelled as a 7 stage pipeline. That is, it has a
fetch stage or decode stage, a rename stage, an issue stage, execute, right back and commit.
Here the program fetch occurs in in-order. The execution occurs in out of order and the
commit occurs in InOrder. In all the 7 stages in gem5 branch predictors are implemented in

the decode stage.



We have reorder buffers implemented in rename stage and the out of order execution is taken
care by score boarding that is implemented in execution stage. For further details of the
O3CPU and the other CPU models, you can go through this reference. We will use the
O3CPU for assignment one.

(Refer Slide Time: 07:27)

Benchmark to be used

Q SPEC CPU 2006 Benchmarks

O Description of the benchmarks can be found in Lecture 1.
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For all the assignments on gem5, we will use 4 Benchmarks for the multi program SPEC
CPU 2006 Benchmarks suit that is namd, leslie3d, bzip2 and Ibm. The description of spec
benchmarks can be found in lecture 1 of this course.

(Refer Slide Time: 07:52)

gemb configuration using Ruby

Q Configuration (Unicore processor):
CPU type: detalW); number of CPU =1, Cachesy, andB.,

L1 cache size (L1D and L1l) = 16kB, associativity %
L2 cache size = 256 kB, associativity = 8-way.

Benchmark = namg; Coherence Protocol = MESI_TwoLevel , RUBW'
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Let us now deal with configuring and running real benchmarks on gemb5, the configuration of
the simulated machine that we will use for this video is mentioned in the slide. we will model

a detailed out of order CPU where the number of core is 1 also known as a unicode processor,



we will have 2 levels of caches L1 and L2, where the L1 cache size including L1 data size
and L1 instruction is of 16 kB and 2-way set associative, the L.2 cache size is of 256 kB and

8-way set associative.

In the example that I will show we will use the benchmark namd, interested readers can also
implement the same configuration with different benchmarks that is Ibm, bzip2 and the others
available. The Coherence protocol that we will use is MESI_Two_Level and since we are
using RUBY memory model we will make RUBY is equal to true.

(Refer Slide Time: 09:00)

gemb configuration using Ruby

QBuild:
scons build/ALPHA/gem5.opt RUBY=True PROTOCOL=MESI_Two_Level -j 9

QRun of SPEC CPU 2006 benchmark:

build/ALPHA/gemb.opt configs/example/se.py —ruby --cpu-type=detailed --num-
cpu=1--11d_size=16kB --I1i_size=16kB --I11d_assoc=2 --11i_assoc=2
--12_size=256kB --12_assoc=8 --bench=namd --maxinsts=1000000
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To build a system we will use this command.

(Refer Slide Time: 09:04)

marslab@mars-Lenovo: ~/Desktop/Dipika/gems =
> SWIG] A -> _wrap.cc, .py
i -> _wrap.cc, .py
i -> _wrap.cc, .py
etor.t _wrap.cc, .py
ot _wrap.cc, .py
A -> _wrap.cc, .py
o _wrap.cc, .py
AL _wrap.cc, .py
A -> _wrap.cc, .py
o _wrap.cc, .py
A -> _wrap.cc, .py
A _wrap.cc, .py
ok _wrap.cc, .py
ne.i _wrap.cc, .py
ot _wrap.cc, .py
i -> _wrap.cc, .py
ot _wrap.cc, .
X _wrap.cc, .py
Al _wrap.cc, .py
ok _wrap.cc, .py
A -> _wrap.cc, .py

B 3 ®(%) ) s230m

TEEEEELLE

SWIG] thon/m5/int
&= scons: done building targets.
marslab@mars-Lenovo:

Go in to the gem5 directory, in the gem5 directory type the command: scons build, we will

use ALPHA architecture and the binary that we will use is gem5.opt. We will make RUBY as



true and PROTOCOL as MESI_TWO_Level. And then we will specify the number of CPUs
that we have. In the first video I have already shown that the command LSCPU in ubuntu

terminal will show you the number of CPUs that are available in my system I have 8 CPU.

So I will add number of CPUs + 1, that is 9 after that, this command will build the Ruby

memory system in the gemb5.

(Refer Slide Time: 10:17

marslab@mars-Lenovo: ~/Desktop/Diplka/gems = m 3 ED(100%) 4) 933PM I}
é marslab@mars-Lenovo:~/Desktop/Dipika/gem5$ build/ALPHA/gemS.opt configs/example/se.py --ruby
--cpu-type=detailed --num-cpu=1 --11d_cache=16kB --111_cache=16kB --11d_assoc=2 --11i_assoc=
EZ --12_size=256kB --12_assoc=2 --bench=namd --maxinsts=1000000
gel

m5 Simulator System. http://gem5.org
== gem5 is copyrighted software; use the --copyright option for details.

W gen5 compiled Jun 12 2019 15:26:43
gem5 started Jun 12 2019 21:33:29
gen5 executing on mars-Lenovo, pid 19714
conmand line: build/ALPHA/gem5.opt configs/example/se.py --ruby--cpu-type=detailed --num-cpu
6 1 --11d_cache=16kB --11i_cache=16kB --11d_assoc=2 --111_assoc=2 --12_size=256kB --12_assoc=
-bench=namd --maxinsts=1000000

'Usage: se.py [options]

s se.py: error: no such option: --ruby--cpu-type

. marslab@mars-Lenovo:~/Desktop ika/gen5$ build/ALPHA/gem5.opt configs/example/se.py --ruby

. --cpu-type=detailed --num-cpu=1 --11d_cache=16kB --11i_cache=16kB --11d_assoc=2 --111_assoc=
2 --12_size=256kB --12_assoc=2 --bench=namd --maxinsts=1000000

To run the benchmark with the configuration mentioned in the slide, we will type the
following command in the terminal. Build will go to the ALPHA architecture that we have
built gemb5.opt binary configs example se.py we will leave se.py throughout our assignment. I
will set --Ruby flag which will set Ruby as true I have already mentioned in the configuration

file that the CPU type is detailed are O3.

We have only one CPU with the L1 cache size that is L1 data cache a 16 kB, L1 instruction
cache a 16 kB. The associativity for both the cache that is L1 instruction and data is 2 which
can be set using this parameters. The L2 cache size is 256 kB and the associativity is 2 we use
namd benchmark using this flag and the number of instructions that we are going to simulate

is 1 million.

So you can see that this have shown an error. So on getting such an error clearly look what
the error is all about. Here the --Ruby and --CPU type should have been separated by a space
(Refer Slide Time: 12:26)



marslab@mars-Lenovo: ~/Desktop/Diplka/gems = m 3 = 0) 934PM
gen5 started Jun 12 2019 21:33:29
' gen5 executing on mars-Lenovo, pid 19714
conmand line: build/ALPHA/gem5.opt configs/example/se.py --ruby--cpu-type=detailed --num-cpu
=1 --11d_cache=16kB --11i_cache=16kB --11d_assoc=2 --11i_assoc=2 --12_size=256kB --12_assoc=
== 2 --bench=namd --maxinsts=1000000

W Usage: se.py [options]

@ se.py: error: no such option: --ruby--cpu-type
marslab@mars-Lenovo: pika/gen5$ build/ALPHA/gemS.opt configs/example/se.py --ruby

--Cpu-type=detailed --num:épu 11d_cache=16kB --11i_cache=16kB --11d_assoc=2 --11i_assoc
=2 --12_size=256kB --12_assoc=2 --bench=namd --maxinsts=1000000

‘QGMS Simulator System. http://gemS.org
u gen5 is copyrighted software; use the --copyright option for details.

S gens compiled Jun 12 2019 15:26:43

- gem5 started Jun 12 2019 21:33:51

. gen5 executing on mars-Lenovo, pid 19717
command line: build/ALPHA/gem5.opt configs/example/se.py --ruby --cpu-type=detailed --num-cp
u=1 --11d_cache=16kB --111i_cache=16kB --11d_assoc=2 --11i_assoc=2 --12_size=256kB --12_assoc
=2 --bench=namd --maxinsts=1000000

Usage: se.py [options]

se.py: error: no such option: --11d_cache
iarslab@mars-Lenovo: ktop 1/gen5$ build/ALPHA/genmS5.opt configs/example/se.py --help

We again have another error as L1-D cache. So, in case if you get such multiple errors and
you don it know where the error is all about what you can type is a help command. This is
available in gem5.opt. You can go to the simulation script that is se.py and type - - help.

(Refer Slide Time: 12:54)

marslab@mars-Lenovo: ~/Desktop/Dipika/gems = B 3 ®(100%) ¢) 935PM i
é gen5 is copyrighted software; use the --copyright option for details.

gem5 compiled Jun 12 2019 15:26:43

gen5 started Jun 12 2019 21:35:05
== gen5 executing on mars-Lenovo, pid 19728
ﬁ) conmand line: build/ALPHA/gem5.opt configs/example/se.py --ruby --cpu-type=detailed --num-cp
W u=1 --11d_size=16kB --11i_size=16kB --11d_assoc=2 --11i_assoc=2 --12_size=256kB --12_assoc=2
'g_ --bench=namd - -maxinsts=1000000

executable= /home/marslab/Desktop/Dipika/gemS/binaries/cpu2006/binaries/namd
inputs_dir = /home/marslab/Desktop/Dipika/gem5/binaries/cpu2006/data/namd/ref/input
outputs_dir = /home/marslab/Desktop/Dipika/gem5/binaries/cpu2006/data/nand/ref /output
| Global frequency set at 1000000000000 ticks per second
E{ warn: DRAM device capacity (8192 Mbytes) does not match the address range assigned (512 Mbyt
= es)
s 0: system.remote_gdb.listener: listening for remote gdb #0 on port 7000
- Warn: ClockedObject: More than one power state change request encountered within the same si
mulation tick
*kkk REAL SIMULATION ##i*
info: Entering event queue @ 0. Starting simulation...
warn: Replacement policy updates recently became the responsibility of SLICC state machines.
Make sure to setMRU() near callbacks in .sm files!
info: Increasing stack size by one page.
warn: Prefetch instructions in Alpha do not do anything
info: Increasing stack size by one page.
Exiting @ tick 426722500 because a thread reached the max instruction count
marslab@mars-Lenovo:~/Desktop ika/gens$

This will show you the available parameters that you can support such as you can see
11d_size, 11i_size, 12_size, 13_size the associativity that we have typed in the terminal, the
cache block size, --Ruby and there are various such parameters. So, now we got to know that
our error is it is L1-D size and not L1 cache. I have shown this so that you get to know what
the error is all about and try to resolve it. This process is simulating our machine and the
simulation is completed.

(Refer Slide Time: 13:49)
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gems
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“mSout” selected (containing 7items)

Now you can find the statistics in go inside the gem 5 directory inside the m5 out directory.
You will find the stats.txt file. On opening the stats.txt file.
(Refer Slide Time: 13:55)



O Recent
f @ Home
[ Desktop

C)
—
<
7’ D Documents
A
%

bwaves.in bwaves.out bwaves2.out bwaves3.out config.ni configjson

€ (yoen with gedit
<& Downloads

43 Music
@ Pictures
M Videos
& Trash

| & Network

Pl @ 12768Volume |4
@ computer

. 0 connecttoServer

“stats.txt” selected (117.8kB)
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stats.txt (~/Desktop/Dipika/gems/mSout) - gedit

ot

it i i Q EE anv

---------- Begin Simulation Statistics ----------
sim_seconds 0.000427 # Number of
seconds simulated
sim_ticks 426722500 # Number of
final tick 426722500 # Number of
ticks from beginning of simulation (restored from checkpoints and never reset)
sim_freq 1000000000000 # Frequency of
simulated ticks
host_inst rate 258942 # Simulator
instruction rate (inst/s)
host_op_rate 258941 # Simulator op
(including micro ops) rate (op/s)
host tick rate 110495632 # Simulator tick
Pllrate (ticks/s)
host mem usage 694280 # Number of
sl Dytes of host memory used
[ | host_seconds }.86 # Real time
elapsed on the host
sim insts 1000003 # Number of
instructions simulated
sim_ops 1000003 # Number of ops
B (including micro ops) simulated

fllsysten.voltage domain.voltage 1 # Voltage in
PlainText v Tabwidth:4 Ln8, Col47 v NS

You will find that this is the number of seconds that our script have run on the simulated
machine. This was the frequency that we have used that is one giga hertz the instruction rate
per second was around this much. We can also see the demand misses that the L1 caches
have experienced.

(Refer Slide Time: 14:32)



stats.txt (~/Desktop/Dipika/gems/m5out) - gedit

8 0.04% 99.95% | 8 0.04% 99.99% |
99.99% | 0 0.00% 99.99% | 0 0.00%
8 0.01%  100.00%
system.ruby.miss latency hist seqr::total 21962
system.ruby.dir cntrl0.pwrStateResidencyTicks: :UNDEFINED 426722500

L. 9llsystem. ruby.11_cntrl0.L1Dcache.demand_hits 266528 # Number of
cache demand hits
system.ruby.11 cntrl0.L1Dcache.demand misses 2263 # Number of
cache demand misses
system.ruby.11 cntrl0.L1Dcache.demand accesses 268791 # Number
Jof cache demand accesses

system.ruby.11_cntrl@.L1Icache.demand_hits 167981 # Number of
B cache demand hits

sl system. ruby. 11 cntrl@.L1Icache.demand misses 1¢639] # Number of

“llcache demand misses

system.ruby.11 cntrl@.L1Icache.demand accesses 187620 # Number

of cache demand accesses

. system.ruby.l1_cntrl@.prefetcher.miss_observed 0 # number
of misses observed

system.ruby.l1 cntrl0.prefetcher.allocated streams 0 #

number of streams allocated for prefetching

system.ruby.11 cntrl@.prefetcher.prefetches_requested 0 #

number of prefetch requests made

system.ruby.l1 cntrl@.prefetcher.prefetches accepted 0 #
PlainText v  Tabwidth:4 v Ln663,ColS3 ¥ INS

Just type demand hits or misses, you will find that the L1 data cache have experienced around

this much number of hits. And it has experienced 2263 number of misses. You can also find
that the L1 cache the demand hit was around this much. And for the L1 cache the demand
misses. The cache misses were around this much. So this statistics will be useful in
calculating various parameters during your assignments.

(Refer Slide Time: 15:04)

gemS Help

Q Related files for Assignment 1:
. src/mem/oS/OSCPU.pV

— —

»_configs/common/Options.py
f‘\—________ Pl i 5" 5

U Configuration
CPU type: detailed (O00); number of CPU = 1, Caches: L1 and L2.
o e, — —

Coherence Protocol = MESI_Two_Level , RUBY = True.
Mﬁ\_ﬂ, 8

[L1 cache size (L1D and L1I) = di{@eﬁt, associativity = dw
L2 cache size = differgrit, associativity = di\ffe?rﬁt. Benchmark = differént |

¥
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So the related files for assignment one can be found in this folder. This is this script where
you need to make some parameter changes and Options.py contains the default values of L1
cache and L1D cache I cache L2 cache and many more. You can find this in this path. And
for assignment one we will use O3CPU, Unicore processor, 2 level of caches L1 and L2. The

Coherence Protocol will be MESI_Two_Level and we will set Ruby is true.



The L1 cache size will differ, the associativity will be different and we will also specify what
will be the L2 cache size. Its associativity and the benchmarks. By this we come to the end of
today is video for any further queries, you can write us in the discussion forum of the course

web page. Thank you



