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1. ERH1EIL: VMware SVGA 3D software renderer, Citrix GPU accelerator
2. Bl 4: VMware Virtual Dedicated Graphics Acceleration (VDGA)
3. Ei@HZ=: SR-I0V, gvirt
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* SLIOFCE

o 4. Y4 CIntel® CoreTM Processor

0] 4 CPU cores (2.4Ghz). 8GB system memory. 256GB Intel® 520 series SSD

10, Intel® Processor Graphics . 2GB global graphics memory. Multiple 2GB local graphics memory

L,
* A
©® Dom0/Linux VM: 64bit Ubuntu 12.04 (3.8 kernel) , Windows VM: 64bit Win7 Xen: 4.3

® VM configuration. 4 VCPUs and 2GB system memory

©® Evenly partitioned global graphics memory (e.g. S12MB per VM in a 3- VM configuration)



HIBEHZ (pkEL)

% of Native Performance

s EVMGL W gVirt @VT-d (I Native
100 - — — — — = — —
80 - |

60 -

40 -

20

U I I I I I I I

N\a‘f“‘* A e

of ot _ast ot : 60{1“ e
tel’ e ok sok \ 00
et gpe™ | et ™ e 3 <

g

INF50%RIERERRK




=]

BHZ (PkEL)

Normalized Performance (to 1vm)
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°* CPU&GPU (JH8)

GPU Memory
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°* CPU&GPU (JH8)
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* API 284 (Thin-Client sosp15)

Host OS Guest OS

3) request
transfer PU applicatio

Backend

4) dispatch T 8) response

CUDA/OpenCL
call handler

1) request 11) response

CUDA/OpenCL wrapper

Original GPU
2) intercept T 10) response stack
9) respon.se\‘ Frontend | API Remoting
transfer stack

5) execution 7) response

6) GPU access

Fig. 2. Architecture of the API remoting approach.
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* =ik (EFEPim)

Image

Xbox Play Anywhere. https://www.xbox.com/xbox-play-anywhere

NVIDIA Geforce Now. https://www.nvidia.com/en-us/geforce-now/
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* =EAPI ER (=EEIME)

Host OS Guest OS

3) request
transfer

Backend

4) dispatch T 8) response

CUDA/OpenCL
call handler

1) request 11) response

CUDA/OpenCL wrapper

Original GPU
2) intercept T 10) response stack
9) response Frontend | API Remoting
transfer stack

5) execution 7) response

6) GPU access

Fig. 2. Architecture of the API remoting approach.
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* imfiEEEIE (rCUDA hpcs10)

i
CLIENT : SERVER
Application E Daemon
I
SOFTWARE | CUDA Runtime wrapper library : Sockets APl ||CUDA Driver API
/ A
Sockets API :
______________________ . TR P IR S
GPU

I
HARDWARE Network :
I

hoObh=

i@idwrapper library EIRIEXGPUIES
Eidsockets {GHEHIEFIRIFGPU

=3 imimiEEniE

JS 5 RiEId socket{&[m]
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* miEEEMY (Amazon Elastic GPU)

Cee— -

Elastic GPU Elastic

EC2
instance network GPU
t2.large interface egl.large
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VPC
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1. FXMAEE, ABRRFHENR, mintl=tBe]LAZBEHME (rCUDA)
2. HBRFEEPIR, TEELCTLISRPMESTEMEHEE (gremote)

3. IRE=MNESZE=EFIAZE, (microsoft xcloud)
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* GPUvs CPU

System_call_IOProcessing();
TransCommands_to_ GPU();
Context_ establish_Initialization();

while true do
PipelineCreated_FrameSetup();

GPURendering_BufferReady();
Present();
end

CPU Utilization(%)

01| D - | 507 --a-- scube --»--  glxgears
13 —=— dinoshade —— spot
90 1 = 40 1 x
2
80 1 IS
glxgears -—3 501
70 - —®— spot 5
--#--  gcube = 20+
60 1 . [a W
—e— dinoshade
50 . : ' 10~
1 2 3 4 1 2 3 4
Number of clients Number of clients

Intel core i5, Nvidia 1060 running on Xen SR-I0OV with VM
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®* GPU vs CPU (CPU bottleneck)

117+ S —— . 507 --#-- scube --7--  glxgears
. ® ® | —— dinoshade —=— spot
System_call_IOProcessing(); = 901 = 40- "105 e b
O
TransCommands_to_ GPU(); 3 =
. ok A ai g 807 -7 glxgears S
Context establish Initialization(); = sl ot = 30
while true do = 70 =
) i =) --4--  gcube D 20+
PipelineCreated_FrameSetup(); B 601 dinoshade 55
GPURendering_BufferReady(); - 1 10
siicdl Number of clients Number of clients

CPU and GPU usage of different clients under the intra-cloud
environment connected through Ethernet
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FRRCPU BRI/

gRemote (HPDC’20) expands CPU resources from only server-side to both

sides

DroidCloud (MM’20) replace VM with container

Pliant (HPCA’19) lowers data precision to save CPU resources
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®* gRemote (CPU bottleneck solutions)

glXChooseFBConfig(dpy = Oxcce9e0, screen = 0, attribList..., );

glXGetVisualFromFBConfig(dpy = 0xcce9e0, config = 0xd34b20);

glXCreateContext(dpy = Oxcce9e0, vis = &visual = 0xcda350, visualid = 36...);

glXMakeCurrent(dpy = 0xcce9e0, drawable = 81788930, ctx = 0xdb67f8);

glViewport(x = 0, y = 0, width = 2560, height = 1440);

glScissor(x = 0, y = 0, width = 2560, height = 1440);

glXDestroyContext(dpy = 0xcce9e0, ctx = 0xdb67£8);

glXCreateContextAttribsARB(dpy = 0xcce9e0, config = 0xd34b20, share_context
—NULL...);

glXMakeCurrent(dpy = Oxcce9e0, drawable = 81788930, ctx = Oxee7648);

glXSwaplntervalEXT(dpy = Oxcce9e0, drawable = 81788930, interval = 0);

glDepthFunc(func = GL_LEQUAL);

glEnable(cap = GL_DEPTH_TEST);

glViewport(x = 0, y = 0, width = 2560, height = 1440);

glGenTextures();

Commands after fake GPU driver
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®* gRemote (CPU bottleneck solutions)

..........................................................................................

Original ‘ ’ gRemote gRemote
Stack | Command Stack Image Stack

| ComputingSide | | RenderingSide |
| ‘ Application | | ‘ Rendering GPU ’
) — B b &
om | !
| o 'L ’B'Jfl;g:- ™ Yigplay | | G VGPU 2| -+ | VGPUN | |
® ; |
P e e T B s
| lStf;‘ R .}(;outer 3 | | gRemote Proxy ‘
I- -
| @ Gotitteent | | GPU Throttle |
B I |
I 5 ‘_ 1 | I |
Computing CPU r
| ‘ | ’ Decompressorw ’
l 3
® ,
I I Y A .
® |
¥ |
‘ Ethernet/RDMA

Fig. 3. The detailed architecture of gRemote
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gRemote (CPU bottleneck solutions)
I CPU I GPU

Conventional gRemote
Client Server Client Server
System Interception System Interception
Co""ha,, di Context establishment;

Window setting;
Make current context;

Context establishment; C

Window setting; Oliteyy

Make current context;

sVieWpiz)ﬂOi Command Transmission

Vertex();

glViewport();

glswapbuffer(); glVertex();
glswapbuffer();

framebuffer creation

framebuffer creation

\\S

)

5 sesults
Show frames Show frames

Fig. 4. Workload division in gRemote
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®* DroidCloud (CPU bottleneck solutions)

App 1 App 2 App 3

App 1 App 2 App 3

Bins/Lib Bins/Lib Bins/Lib

Bins/Lib

Bins/Lib

Bins/Lib

Guest
oS

Container Engine

Operating System
Hypervisor
Infrastructure

Infrastructure

Machine Virtualization Containers

° [EEBETMEINZRSE
° [EEERTEEREEAMOEEESER
°* GPUHIEHRZZEHBIR, Elbguest osIIEETTR



GPURZH Mk

* GPUBBHESHE
+ BRI
* GPURYEIZIn)RE



GPURZH M

GPUBBFEHEESIEE (motivation)

L4

B 1 client B 2 clients I 4 clients B 1 client B 2 clients B 4 clients

1001
= 90 1001
g 801 v %
= o0 !
5 ] g o0
o Y 601
o J01 = onl
3 = 50
5 ] g 301
& 2 5 201

101 o 107

0 — : — 0t : —

blender dinoshade scube spot glxgears blender dinoshade scube spot glxgears

(a) Performance variation for different applica- (b) GPU resource ratio taken by different applica-
tions tions

Intel core i5, Nvidia 1060 on the bare metal
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®* GPU throttle (gRemote)

Vertex Geometry Fragment
Shader Shader Shader

—— e d -
Transform \ enanted

Vertex Primitive enabled
Processing Processing Feedback

Processing

- Shader
- programs

Framebuffer
Processing

Fragment
Processing

Pipeline
stages

o= E : . Transform : :
=0 : Vertex : . Feedback ! : Framebuffer :

---------------------------------------------------
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®* GPU throttle (gRemote)

Vertex
Shader

Geometry Fragment
Shader Shader

- Shader
- programs

Limiting Limiting
Speed _ Speed

rendering
enabled

ransform
Feedback
Processing

Framebuffer
Processing

Vertex
Processing

Fragment
Processing

Pipeline
stages

o= E : . Transform : :
=0 : Vertex : . Feedback ! : Framebuffer :

---------------------------------------------------
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®* GPU throttle (gRemote)

Vertex Geometry Fragment
Shader Shader Shader

—— e d -
Transform \ ananed

Vertex Primitive enabled
@ Processing Processing Feedback
Processing

- Shader
- programs

Framebuffer
Processing

Fragment
Processing

Pipeline
stages
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® Kubershare

apiVersion: kubeshare/vi1

kind: SharePod

metadata:
name: podl _ oy wm = m m
anmt?tlgns -y,
- "kubeshare/gpu_request": "0.5"

{ "kubeshare /gpu_ limit"~ "9.8"

&y "kubeshare/gpu_mem": "@.5"
’Ru!!shirgfsgpegragfln}tah -’ gFe@R
"kubeshare/sched_anti-affinity"
"kubeshare/sched_exclusion"
"kubeshare /GPUID": "xyz"

spec: #PodSpec
nodeName : nodel
containers:
- name: example
image: nvidia/cuda:9.@-base
command: ["nvidia-smi", "-L"]

s
R

"red"

"blue"

[ Client

]

KubeShare-
Sched

KubeShare
Controllers

Scheduled
9sharePod
with GPUID KubeShare-

DevMgr

@ Retrieve GPUs UUID [

1719} CreatéDeIete
1 sharePod

1@ Attach & init vVGPU
L)

vGPU pool (stored in etcd)

[VGPU ] VGPU VGPU
[VGPU ] " vGPU ﬂ

TaAm—
14 110}

! CreateDelete

: VGPU ].---

& Register vGPU

by creating
<GPUII.:) UuID>

cuMemAlloc, cuArrayCreate, cuLaunchKernel, cuLaunchGrid

: [ Aee | A | I

I

L SharePod SharePod 1

| 1 container container |

| Native |
Pod

Device library ] i I

e e I

1o S VGPU ! |

- I

GPU ] |

) I

| kisbelat ] [ GPU device plugin ]:

L --------------- —

W orker node
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Operating Systems/Hypervisor Operating Systems/Hypervisor

L

What the authors imagine What we see

1. FFMBHAREEVERFGPU, Boverhead.

2. IhsEBIR.
3. IE@hncPugytig
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* MLEEEEHFE (motivation)

| Fs | Bandwidth(Minj) _

blender 56 39.6
dinoshade 55 28.6
scube 60 34.2
spot 61 37.8
glxgears 58 36.5

PS. One command in google earth will bring more than 10 MB data.

glVertexAttribPointer in Uginine Heaven will bring nearly 100 MB data.
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* gremote (CCO)

/

Launch Command A

Launch Command A

Launch Command B Launch Command B

> send in group

Launch Command C Launch Command C

Query if Command C is DONE Query if Command C is DONE

l

Query if Command C is DONE Query if Command C is DONE send one by o

send in one by

Query if Command C is DONE

Query if Command C is DONE

Launch Command D Launch Command D send in group

AT

Client Server
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* gremote (CCO)

Launch Command A Record Event X

Launch Command B Launch Kernel A

Launch Command C Record Event Y

Synchronize Command C

send in grouf
Query if Command C is done yes >

Query if Command D is done

Launch Command D

Client
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®* gremote (CCO)

Task

l T Finished

/] Synchronous Command

Command layer
(15t layer)

Asynchronous & XXSwapbuffer
Commands
BB Response(Integer)

(L

Response layer
(27 layer)

:///,4

Frame layer
(3" layer)

4 1i
 T— "4 ’
‘
Pre Frame Pre Frame Time
>

Commands within
each frame

Only one digit
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®* gremote (cco, #—#iRtg, WEE

S

glXChooseFBConfig(dpy = 0xcce9e0, screen = 0, attribList..., );
glXGetVisualFromFBConfig(dpy = Oxcce9e0, config = 0xd34b20);

glXCreateContext(dpy = Oxcce9e0, vis = &visual = 0xcda350, visualid = 36, screen = 0...);
glXMakeCurrent(dpy = Oxcce9e0, drawable = 81788930, ctx = 0xdb67{8);

glViewport(x = 0, y = 0, width = 2560, height = 1440);

glScissor(x = 0, y = 0, width = 2560, height = 1440);

glXDestroyContext(dpy = Oxcce9e0, ctx = 0xdb67f8);

glXCreateContextAttribsARB(dpy = Oxcce9e0, config = 0xd34b20, share_context =NULL...);
glXMakeCurrent(dpy = Oxcce9e0, drawable = 81788930, ctx = Oxee7648);
glXSwaplntervalEXT(dpy = Oxcce9e0, drawable = 81788930, interval = 0);
glDepthFunc(func = GL_LEQUAL);

glEnable(cap = GL_DEPTH_TEST);

glViewport(x = 0, y = 0, width = 2560, height = 1440);

glGenTextures();
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* PILEHEERIRGE (HRzH)

Memory
new context
1E+09
100000000{ Xj‘ﬂij(}‘“ﬁﬁﬁﬁ . ﬁﬁ%i,fi
10000000
10000008 . T
100000} RAETEF PRSI 28— i )L

10000\

1000 D T o WU N Twmy T e ey S S - rl]ﬁ; /?—:{E’ ﬁﬁ%%%ﬁﬂ:%%

. TR TRE T AT, WAL

A e X
1 3 5 8 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 ﬁ§$%51ﬁ150
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* GPUiE#® (motivation)
® LFIGPUM X T-HE I 75 K a2 508519,  (DCUDA (SOCC’20), gRemote (HPDC 20))
 ZHGNHEEIEIFHTF—1RF 7, e — 727 rCUDA (tpds’19))

o TEXPNEEMET, Tl BT A HIIR 5 s 2 BFERE K. (Microsoft XCloud)

\m:gratton

API- forwardmg
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°* GPUiE#2 (rCUDA)

Local Node Remote Node 1 Local Node Remote Node 1
Application rCUDA Server | [[GPU Memory | Application rCUDA Server | |[GPU Memory
Region| |Region| |Region Region| |Region| |Region
rCUDA Client @ 1 2 3 rCUDA Client 1 2 3
— —
Migration B Migration | GPU Execution Migration Migration GPU Execution, /2
Module @ Module [TTHN kernel Module Module TR Kernelt |
wWR ’ @ |
@&xternal Signal (7)P2p Copy Remote Node 2
(a) The application starts execution and, at some point in rCUDA Server GPU Memory
time, thf: migration signal, triggered by the resource sched- ® Region| |Region| [Region
uler, arrives at the rCUDA server. | 2 3
Migration GPU Execution
Module

(b) The memory is copied from source GPU to destination
GPU in another node of the cluster.
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* GPUX#ZHAIR

1. IEREEK, FMBRIRAES LER{EAretrace #l replay
2. ENTEHEEPRN, EcpudBimsBatHERS
3. Elib, }WFGPUREZ, BRISARELERIER,
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SRR AHRERRIRE: GPUFIZRFRRIFDR

https://www.zhihu.com/zvideo/1288795168036892672?utm_source=wechat session&ut
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SRR AHRERRIRE: GPUFIZRFRRIFDR

https://www.zhihu.com/zvideo/1288795168036892672?utm_source=wechat _session&ut
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* I RIEGPU

Chromium Server

Application Readback | Send

Tl|e.SOI‘t Chromium Server

. Readback | Send
Application "
Tilesort —*

Chromium Server

Application Readback [ Send

Tilesort

Chromium Server
Readback | Send

1. Chromium A&Z{E siggraph 2003
2. MARLIBRES A H—1GPULE

Chromium Server

Render
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* I EI¥GPU

Gigabit Image
Network Reassembly
Application0 | Net P —* Net | Render0 | Gfx '
Application1  Net 4* Net | Render1 | Gfx »
i )
—Hl Net | Render2 | Gfx » ;
Application3  Net . , | Net | Render3 . ;
i : = d Monitor
OpenGL  OpenGL Pixels

1. B33 object S
2. ABHMEARASEMS L@
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* I RIEGPU

* 2.061(CALHEIZ5E

glBegin(GL_QUADS);

da=2.0* M_PI/teeth /4.0;

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

angle =i* 2.0 * M_PI / teeth;

glvertex3f(rl * cos(angle), r1 * sin(angle), width *
0.5);

glVertex3f(r2 * cos(angle + da), r2 * sin(angle + da),
width * 0.5);

glVertex3f(r2 * cos(angle + 2 * da), r2 * sin(angle + 2
* da), width * 0.5);

glVertex3f(rl * cos(angle + 3 * da), r1 * sin(angle + 3
* da),width * 0.5);

}
glEnd()

* SR EZHE

glCompileShader(shader = 3)

glCreateShader(type = GL_FRAGMENT_SHADER) = 4
M(shader =4, count = 1, string =
&"#version 150

uniform sampler2DShadow s_texture_0;

in vecd s_texcoord;

in vecd s_color;

out vecd s_frag_data_0;

out vecd s_frag_data_1;

void main() {

s_frag_data_0=
texture(s_texture_0,vec3(s_texcoord.xy,0.99)) *
s_frag_data_1 =s_frag_data_0;

}

", length = NULL)

glBufferData (..., buffer = data_array
glBindARrib |..
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* I EH¥GPU

Driver0
;reglster=RTﬂi.§ < > CPU ‘
pcie
Scheduler
GPUO
RT data
’1 ‘dm‘ ‘2|da1a Shared Memory ® @® @ 'n | data |
W [
Driver1 Driver2 Driver n
register sets register sets register sets
anything anything anything |
Scheduler Scheduler I I I Scheduler
GPU1 GPU2 GPUn
Video -

Display
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* I RIEGPU

NOW. 1.0

Vertex Specification

Vertex )
processing

Vertex

Y
Vertex Shader

Primitive )
processing

Geometry Primitive
(

| Geometry_Sba_d_ez__: VS
I Textures

Rasterization

Vertex Post-Processing Fragment

Buffers

(" Fragment
processing

Y

Primitive Assembly

Pixel

Pixel
processing

Y
Rasterization

Frame buffers

Per-Sample Operations
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* I RIEGPU

Primitive : triangle

GPU1,
primitive: triangle
Geometry Shader : abandon

GPU2,
primitive: triangle
Geometry Shader : abandon
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