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LAST-LEVEL CACHE o L AST-LEVEL CACHE

LOCAL DRAM -

L1S+L25 ey L15+ 125 ONE SERVER

DRAM: 256GB, 100ns, 150GB/s

DISK:  80TB, 10ms, 800MB/s
FLASH: 4TB, 100us, 3GB/s

LOCAL RACK (40 SERVERS)

DRAM: 10TB, 20us, 5GB/s
DISK:  3.2PB, 10ms, 5GB/s
FLASH: 160TB, 120us, 5GB/s

CLUSTER (125 RACKS)

DRAM: 1.28PB, 50us, 1.2GB/s
DISK:  400PB, 10ms, 1.2GB/s

FLASH: 20PB, 150us, 1.2GB/s

The Datacenter as a Computer, Barroso et al



Jaeger Ul _ Search Dependencies About Jaeger v

Vv frontend: HTTP GET /dispatch 3 View Options v

Trace Start: July 20, 2018 2:48 PM  Duration: 732.11ms Services: 6 Depth: 5 Total Spans: 51

Oms 183.03ms 366.06ms 549.08ms 732.11ms

Service & Operation Oms 183.03ms 366.06ms 549.08ms 732.11ms

v I frontend HTTP GET /dispatch -
v I frontend HTTP GET: /customer S 305

VI frontend HTTP GET -
v customer HTTP GET /customer
I mysql SQL SELECT -
v I frontend Driver::findNearest 5 -
v | driver Driver:findNearest 910.7
redis FindDriverDs
O redis GetDriver
redis GetDriver 2 45
redis GetDriver
redis GetDriver
redis GetDriver
O redis GetDriver
redis GetDriver 2 77
redis GetDriver
redis GetDriver
redis GetDriver
O redis GetDriver
redis GetDriver
redis GetDriver 11.72
v | frontend HTTP GET: /route .
v| frontend HTTP GET = 80
| route HTTP GET /route 59 OF
v | frontend HTTP GET: /route .
v | frontend wrTP GET
| route HTTP GET /route
v | frontend HTTP GET: /route

v | frontend wTTP GET 5

| route HTTP GET /route

v | frontend HTTP GET: /route

v | frontend HrTe GET 55

| route HTTP GET /route
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10.2.3.4 - - [1/Jan/1970:18:32:20
+0000 1 "GET / HTTP/1.1" 200 5324
THEN] ”Curl/7. 54 Q" "-"



COUNT
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80k —

60k -
40k —
20k WM

| | I I | |
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$ cat access.log

| erep ... | awk ...

| sort | unig -c



time = "1970-01-01T18:32:20"
status =

method = "GET"

path = ...

host = "1-123456at”
client_1p = "10.2.3.4"

user_agent = "curl/7.54.0"
request_dur_ms = 325

request_bytes = 2456

response_bytes = 5324

}



structured logs
SUmMmary events

canonical log lines
aroitrarily wide data blobs
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38.113.234.181 - - [20/May/2010:11:27:36 +0100] "GET /post/274953/ HTTP/1.1" 404 15 "-" "Voyager/1.0"
67.195.114.50 - - [20/May/2010:11:31:16 +0100] "GET /sources/14/ HTTP/1.0" 200 14262 "-" "Mozilla/5.0 (compatible; Yahoo! Slurp/3.0; http://help.yahoo.com/help/us/ysearch/slurp)”
61.135.216.104 - - [20/May/2010:11:32:56 +0100] "GET /feeds/latest/ HTTP/1.1" 200 48364 "-" "Mozilla/5.0 (compatible;YoudaoFeedFetcher/1.0;http://www.youdao.com/help/reader/faq/topic@@6/;1 subscribers;)"

125.22.2.42 -
77.88.26.26 -
24.62.152.212
24.62.152.212
24.62.152.212
24.62.152.212
24.62.152.212
24.62.152.212
166.205.4.62

166.205.4.62

166.205.4.62

166.205.4.62

166.205.4.62

166.205.4.62

67.195.114.50
67.195.114.50
220.181.7.76

67.195.114.50
68.59.242.134
68.59.242.134
68.59.242.134
68.59.242.134
68.59.242.134
67.195.114.50
209.85.228.82
209.85.228.82
72.14.199.102

196.203.53.144 -

.59.242.134
.59.242.134
.59.242.134

.249.65.40
.249.65.40
.59.242,.134
.59.242.134
.249.65.42
.249.65.40
.249.65.40
.249.65.40
75.57.176.28
75.57.176.28
75.57.176.28
75.57.176.28
75.57.176.28
75.57.176.28
66.249.65.40

ERAR AR AR AR AR AR A A AR A

[20/May/2010:11:33:09 +0100] "GET /feeds/latest/ HTTP/1.1" 200 48364 "-" "Mozilla/4.® (compatible; MSIE 7.0; Windows NT 5.1; .NET CLR 1.1.4322; .NET CLR 2.0.50727; MS-RTC LM 8; .NET CLR 3.0.04506.648; .NET CLR 3.5.21022; MSOffice 12)"
[20/May/2010:11:33:50 +0100] "GET /posts/2234/ HTTP/1.1" 200 33674 "-" "Yandex/1.01.001 (compatible; Winl6; I)"

[20/May/2010:11:34:07 +0100]
[20/May/2010:11:34:07 +0100]
[20/May/2010:11:34:05 +0100]
[20/May/2010:11:34:08 +0100]
[20/May/2010:11:34:08 +0100]
[20/May/2010:11:34:08 +0100]

[20/May/2010:10:39:16 +0000]
[20/May/2010:11:39:16 +0100]
[20/May/2010:11:39:13 +0100]
[20/May/2010:10:39:17 +0000]
[20/May/2010:11:39:18 +0100]
[20/May/2010:10:39:20 +0000]

- [20/May/2010:11:40:09 +0100]
- [20/May/2010:11:40:15 +0100]
[20/May/2010:11:42:35 +0100]
[20/May/2010:11:42:58 +0100]
[20/May/2010:10:43:14 +0000]
[20/May/2010:11:43:14 +0100]
[20/May/2010:10:43:16 +0000]
[20/May/2010:10:44:14 +0000]
[20/May/2010:11:44:12 +0100]
[20/May/2010:11:45:37 +0100]
[20/May/2010:11:46:18 +0100]
[20/May/2010:11:46:23 +0100]
[20/May/2010:11:46:33 +0100]

"GET /media/style.css HTTP/1.1" 200 4847 "http://www.example.com/" "Mozilla/5.0 (Macintosh; U; Intel Mac 0S X 10_6_3; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET /media/exmpl.png HTTP/1.1" 200 28479 "http://www.example.com/" "Mozilla/5.@ (Macintosh; U; Intel Mac 0S X 10_6_3; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET / HTTP/1.1" 200 110836 "-" "Mozilla/5.0 (Macintosh; U; Intel Mac 0S X 10_6_3; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET /media/img/m-inact.gif HTTP/1.1" 200 2571 "http://www.example.com/" "Mozilla/5.@ (Macintosh; U; Intel Mac 0S X 10_6_3; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET /media/img/side-container.gif HTTP/1.1" 200 1415 "http://www.example.com/" "Mozilla/5.@ (Macintosh; U; Intel Mac 0S X 10_6_3; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"
"GET /media/img/m-act.gif HTTP/1.1" 200 143 "http://www.example.com/" "Mozilla/5.0 (Macintosh; U; Intel Mac 0S X 10_6_3; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET /media/style.css HTTP/1.1" 304 - "http://example.com/" "Mozilla/5.0 (iPad; U; CPU 0S 3_2 like Mac 0S X; en-us) AppleWebKit/531.21.10 (KHTML, like Gecko) Version/4.0.4 Mobile/7B367 Safari/531.21.10"

"GET /media/exmpl.png HTTP/1.1" 304 - "http://example.com/" "Mozilla/5.@ (iPad; U; CPU 0S 3_2 like Mac 0S X; en-us) AppleWebKit/531.21.10 (KHTML, like Gecko) Version/4.0.4 Mobile/7B367 Safari/531.21.10"

"GET / HTTP/1.1" 200 26130 "-" "Mozilla/5.0 (iPad; U; CPU 0S 3_2 like Mac 0S X; en-us) AppleWebKit/531.21.10 (KHTML, like Gecko) Version/4.0.4 Mobile/7B367 Safari/531.21.10"

"GET /media/img/m-act.gif HTTP/1.1" 304 - "http://example.com/" "Mozilla/5.@ (iPad; U; CPU 0S 3_2 like Mac 0S X; en-us) AppleWebKit/531.21.10 (KHTML, like Gecko) Version/4.0.4 Mobile/7B367 Safari/531.21.10"
"GET /media/img/m-inact.gif HTTP/1.1" 304 - "http://example.com/" "Mozilla/5.0 (iPad; U; CPU 0S 3_2 like Mac 0S X; en-us) AppleWNebKit/531.21.10 (KHTML, like Gecko) Version/4.0.4 Mobile/7B367 Safari/531.21.10"
"GET /media/img/side-container.gif HTTP/1.1" 304 - "http://example.com/" "Mozilla/5.0 (iPad; U; CPU 0S 3_2 like Mac 0S X; en-us) AppleWebKit/531.21.10 (KHTML, like Gecko) Version/4.0.4 Mobile/7B367 Safari/531.21.10"
"GET /post/249681/ HTTP/1.0" 404 15 "-" "Mozilla/5.@ (compatible; Yahoo! Slurp/3.0; http://help.yahoo.com/help/us/ysearch/slurp)”

"GET /post/256414/ HTTP/1.0" 404 15 "-" "Mozilla/5.@ (compatible; Yahoo! Slurp/3.0; http://help.yahoo.com/help/us/ysearch/slurp)”

"GET / HTTP/1.1" 200 26130 "-" "Baiduspider+(+http://www.baidu.com/search/spider.htm)"

"GET /post/274910/ HTTP/1.0" 404 15 "-" "Mozilla/5.@ (compatible; Yahoo! Slurp/3.0; http://help.yahoo.com/help/us/ysearch/slurp)”

"GET /media/style.css HTTP/1.1" 304 - "http://example.com/" "Mozilla/4.@ (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

"GET / HTTP/1.1" 200 26130 "-" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

"GET /media/img/favicon.ico HTTP/1.1" 200 1406 "-" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

"GET /media/style.css HTTP/1.1" 304 - "http://example.com/posts/2/" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

"GET /posts/2/ HTTP/1.1" 200 34408 "http://example.com/" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

"GET /post/259342/ HTTP/1.0" 404 15 "-" "Mozilla/5.0 (compatible; Yahoo! Slurp/3.0; http://help.yahoo.com/help/us/ysearch/slurp)”

"GET /feeds/latest/ HTTP/1.1" 200 48364 "-" "FeedBurner/1.0 (http://www.FeedBurner.com)"

"GET /feeds/latest/ HTTP/1.1" 200 48364 "-" "FeedBurner/1.0 (http://www.FeedBurner.com)"

"GET /feeds/latest/ HTTP/1.1" 200 48364 "-" "Feedfetcher-Google; (+http://www.google.com/feedfetcher.html; 9 subscribers; feed-id=18260778798542229819)"

- [20/May/2010:11:46:37 +0100] "GET /feeds/latest/ HTTP/1.0" 200 48364 "-" "Mozilla/5.0 (Windows; U; Windows NT 5.0; fr; rv:1.9.2.3) Gecko/20100401 Firefox/3.6.3"

[20/May/2010:10:46:43 +0000]
[20/May/2010:11:46:41 +0100]
[20/May/2010:11:48:13 +0100]

[20/May/2010:11:48:37 +0100]
[20/May/2010:11:49:13 +0100]
- [20/May/2010:10:49:54 +0000]
- [20/May/2010:11:49:52 +0100]
[20/May/2010:11:49:54 +0100]
[20/May/2010:11:50:18 +0100]
[20/May/2010:11:51:23 +0100]
[20/May/2010:11:52:29 +0100]
[20/May/2010:11:52:42 +0100]
[20/May/2010:11:52:42 +0100]
[20/May/2010:11:52:43 +0100]
[20/May/2010:11:52:43 +0100]
[20/May/2010:10:52:42 +0000]
[20/May/2010:11:52:43 +0100]

- - [20/May/2010:11:53:34 +0100]
67.195.114.50 - - [20/May/2010:11:54:36 +0100] "GET /post/256204/ HTTP/1.0" 404 15 "-" "Mozilla/5.0 (compatible; Yahoo! Slurp/3.0; http://help.yahoo.com/help/us/ysearch/slurp)"”
66.249.65.40 - - [20/May/2010:11:54:39 +0100] "GET /post/274873/ HTTP/1.1" 4084 15 "-" "Mozilla/5.0 (compatible; Googlebot/2.1; +http://www.google.com/bot.html)"

"GET /media/style.css HTTP/1.1" 304 - "http://example.com/posts/3/" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"
"GET /posts/3/ HTTP/1.1" 200 25865 "http://example.com/posts/2/" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"
"GET /media/style.css HTTP/1.1" 304 - "http://example.com/posts/4/" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

.59.242.134 - - [20/May/2010:11:48:12 +0100] "GET /posts/4/ HTTP/1.1" 200 25930 "http://example.com/posts/3/" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"
.249.65.42 - - [20/May/2010:11:48:14 +0100] "GET /posts/4/ HTTP/1.1" 200 25930 "-" "Mediapartners-Google"

"GET /post/274703/ HTTP/1.1" 404 15 "-" "Mozilla/5.0 (compatible; Googlebot/2.1; +http://www.google.com/bot.html)"

"GET /post/274704/ HTTP/1.1" 404 15 "-" "Mozilla/5.0 (compatible; Googlebot/2.1; +http://www.google.com/bot.html)"

"GET /media/style.css HTTP/1.1" 304 - "http://example.com/posts/5/" "Mozilla/4.0 (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

"GET /posts/5/ HTTP/1.1" 200 29611 "http://example.com/posts/4/" "Mozilla/4.@ (compatible; MSIE 8.0; Windows NT 5.1; Trident/4.0; InfoPath.2)"

"GET /posts/5/ HTTP/1.1" 200 29611 "-" "Mediapartners-Google"

"GET /post/274687/ HTTP/1.1" 404 15 "-" "Mozilla/5.0 (compatible; Googlebot/2.1; +http://www.google.com/bot.html)"

"GET /post/274716/ HTTP/1.1" 494 15 "-" "Mozilla/5.@ (compatible; Googlebot/2.1; +http://www.google.com/bot.html)"

"GET /post/274712/ HTTP/1.1" 404 15 "-" "Mozilla/5.0 (compatible; Googlebot/2.1; +http://www.google.com/bot.html)"

"GET /media/style.css HTTP/1.1" 200 4847 "http://www.example.com/" "Mozilla/5.0 (Macintosh; U; Intel Mac 0S X 10_5_8; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET / HTTP/1.1" 200 26130 "-" "Mozilla/5.0 (Macintosh; U; Intel Mac 0S X 10_5_8; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET /media/img/m-inact.gif HTTP/1.1" 200 2571 "http://www.example.com/" "Mozilla/5.0 (Macintosh; U; Intel Mac 0S X 10_5_8; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"
"GET /media/img/side-container.gif HTTP/1.1" 200 1415 "http://www.example.com/" "Mozilla/5.@ (Macintosh; U; Intel Mac 0S X 10_5_8; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"
"GET /media/exmpl.png HTTP/1.1" 200 28479 "http://www.example.com/" "Mozilla/5.@ (Macintosh; U; Intel Mac 0S X 10_5_8; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"

"GET /media/img/m-act.gif HTTP/1.1" 200 143 "http://www.example.com/" "Mozilla/5.0 (Macintosh; U; Intel Mac 0S X 10_5_8; en-us) AppleWebKit/531.22.7 (KHTML, like Gecko) Version/4.0.5 Safari/531.22.7"
"GET /post/274702/ HTTP/1.1" 404 15 "-" "Mozilla/5.0 (compatible; Googlebot/2.1; +http://www.google.com/bot.html)"
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p99(request_latency)
> 1000ms
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~ top traffic by IP address
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top resource usage oy customer
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top latency by country

£ top error count by host

= top request size by client



OV Nadrny Udelr s

Qre 'wmpaci@d?



SELECT user_id, COUNT(*)
-ROM requests
WHERE request_latency >= 1000
GROUP BY user_1d
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COUNT

260k —
240k —
220k —
200k —
180k —
160k —
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http_requests_total{status=200}
http_requests_total{status=201}
http_requests_total{status=301}

http_requests_total{status=304}

http_requests_total{status=503}



user_1d



LOV] pQQOlb

2 Vd

0 a0dress space = A3/
1 oill

Ued









e CUrSE @F
dimensSiondlity;



status

method = "GET"

path = ...

host = "1-123456af”
zone = "eu-central-1a”
client_1p = "10.2.3.4"
user_agent = "curl/7.54.0"
client_country = "de”

user_1d =

partition_i1d = 37

build_1d = "9045e1”
customer_plan = "platinum”

"tweet_detail”

endpoint



status

method

path

host

zone

client_1p
user_agent
client_country

user_1d
partition_id
build_1id
customer_plan
endpoint

"10.2.3. 40

"curl/7.58000

e

30032
= 3]
= "9045¢1" [N

"nlatinum i

"tweet_del A"
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%) Liz Fong-Jones (F{2H) @
| Qlizthegrey

void do_rpc() {

record_event({
X: X,
Y-Y
status: status,
user: user,
version: version,

=
}



time = "1970-01-01T718:32:20"
status =

method = "GET"

path = ...

host = "1-123456af”
region = "eu-central-1"
zone = "eu-central-1a”
client_ip = "10.2.3.4"
user_agent = "curl/7.54.0"
client_country = "de”

kernel = "5.0.0-1018-aws”
user_id =

tweet_1d =

partition_id = 31

build_id = "9045e1"
request_id = "f2a3bdc4”
customer_plan = "platinum”
feature_blub = true

cache = "miss”

endpoint = "tweet_detail”

request_dur_ms = 325
db_dur_ms =5
db_pool_dur_ms = 3
db_query_count = 63

cache_dur_ms = 2
svc_a_dur_ms = 32
svc_b_dur_ms = 90

request_bytes = 2456
response_bytes = 5324



time = "1970-01-01T18:32:20"
status =

method = "GET"

path .

host = "1-123456at”

region = "eu-central-1"

Zone = "eu-central-1a”
client_1p = "10.2.3.4"

user_agent = "curl/7.54.0"
client_country = "de”

"5.0.0-1018-aws”

kernel



user 1id

tweet_1d =
partition_id = 31
build_1id = "9045e1"
request_1d = "f2a3bdc4”
customer_plan = "platinum”
feature_blub = true

cache = "miss”

endpoint "tweet_detail”



request_dur_ms
db_dur_ms

db_pool_dur_ms =

db_query_count
cache_dur_ms
svc_a_dur_ms
svc_b_dur_ms
request_bytes
response_bytes

325

03

32
90

= 2456

5324



Jaeger Ul _ Search Dependencies About Jaeger v

Vv frontend: HTTP GET /dispatch 3 View Options v

Trace Start: July 20, 2018 2:48 PM  Duration: 732.11ms Services: 6 Depth: 5 Total Spans: 51

Oms 183.03ms 366.06ms 549.08ms 732.11ms

Service & Operation Oms 183.03ms 366.06ms 549.08ms 732.11ms

v I frontend HTTP GET /dispatch -
v I frontend HTTP GET: /customer S 305

VI frontend HTTP GET -
v customer HTTP GET /customer
I mysql SQL SELECT -
v I frontend Driver::findNearest 5 -
v | driver Driver:findNearest 910.7
redis FindDriverDs
O redis GetDriver
redis GetDriver 2 45
redis GetDriver
redis GetDriver
redis GetDriver
O redis GetDriver
redis GetDriver 2 77
redis GetDriver
redis GetDriver
redis GetDriver
O redis GetDriver
redis GetDriver
redis GetDriver 11.72
v | frontend HTTP GET: /route .
v| frontend HTTP GET = 80
| route HTTP GET /route 59 OF
v | frontend HTTP GET: /route .
v | frontend wrTP GET
| route HTTP GET /route
v | frontend HTTP GET: /route

v | frontend wTTP GET 5

| route HTTP GET /route

v | frontend HTTP GET: /route

v | frontend HrTe GET 55

| route HTTP GET /route
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Table 2.3: Latency numbers that every WSC engineer should know. (Updated
version of table from [Dea09].)

Operation ‘ Time

L1 cache reference 1.5 ns

L2 cache reference 5 ns

Branch misprediction 6 ns

Uncontended mutex lock/unlock 20 ns

L3 cache reference 25 ns

Main memory reference 100 ns

Decompress 1 KB with Snappy [Sna] 500 ns

“Far memory”/Fast NVM reference 1,000 ns (1us)
Compress 1 KB with Snappy [Sna] 2,000 ns (2us)

Read 1 MB sequentially from memory 12,000 ns (12 us)
SSD Random Read 100,000 ns (100 us)
Read 1 MB bytes sequentially from SSD 500,000 ns (500 us)
Read 1 MB sequentially from 10Gbps network 1,000,000 ns (1 ms)
Read 1 MB sequentially from disk 10,000,000 ns (10 ms)
Disk seek 10,000,000 ns (10 ms)
Send packet California—Netherlands—California | 150,000,000 ns (150 ms)




o 1TB Hitachi Deskstar 7K1000

o disk seek time = 14ms
o transfer rate = 69MB/s
o 62.5 billion rows (= 1TB / 16 bytes)

o 28 years (= 62.5 billion rows * 14 ms/row / 32x10~9
ms/year)



o 1TB Hitachi Deskstar 7K1000
o transfer rate = 69MB/s

« 4 hours (= LOCO.000MB / 69MB/s / 3600 s/hour)



o« SSD
o transfer rate = 1GB/s

e 15 minutes (= .O0OGEB / 1GB/s / 60 s/min)
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10 GB / 8 bytes per data point

= 1.3 billion

events
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SELECT user_i1id, COUNT(*)
-ROM requests
WHERE status >= 500
GROUP BY user_1d
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