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Outline

. Example-based testing is inadequate
. Generating test data
. Generating sequential tests

. Adding parallelism



A stateful example

- A key-value database
- Operations:
(db/create)

(db/clear! db)
(db/store! db k v)
(db/delete! db k)
(db/fetch db k)
(db/size db)




For the video and transcript
of this presentation,
click here:

https://lispcast.com/testing-stateful-and-concurrent-syste
ms-using-test-check/
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L et's test it!
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DB should contain a key/value
after storing

(deftest store-contains
(let [db (db/create)
k “a”
V “b”:l
(db/store! db k v)
(is (= v (db/fetch db k)))))
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store! should overwrite old
values
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(let [db (db/create)
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V‘I “b”
V2 “C”:l
(db/store! db k v1)
(db/store! db k v2)

)



store! should overwrite old
values

(deftest store-overwrite
(let [db (db/create)
k “a”
V‘I “b”
V2 “C”:l
(db/store! db k v1)
(db/store! db k v2)
(db/fetch db k) ))



store! should overwrite old
values

(deftest store-overwrite
(let [db (db/create)

k “a”
V‘I “b”
V2 “C”:l

(db/store! db k v1)

(db/store! db k v2)

(is (= v2 (db/fetch db k)))))



DB should be empty after
clearing

(deftest clear-empty



DB should be empty after
clearing

(deftest clear-empty
(let [db (db/create)
k “a”
V “b”:l

)



DB should be empty after
clearing

(deftest clear-empty
(let [db (db/create)
k “a”
V “b”:l
(db/store! db k v)
(db/clear! db)

)



DB should be empty after
clearing

(deftest clear-empty
(let [db (db/create)
k “a”
V “b”:l
(db/store! db k v)
(db/clear! db)
(db/size db) ))



DB should be empty after
clearing

(deftest clear-empty
(let [db (db/create)
k “a”
V “b”:l
(db/store! db k v)
(db/clear! db)
(is (zero? (db/size db)))))



| don't want you to
feel bad, but. ..



you should feel bad
about these tests.



Not guilty, but scared.
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How Dbig is our system?

- How many strings are there?

- How many unicode characters are there?
- How many key-value pairs are there?

- How many operations are there?

- How many pairs of operations are there?

- How many triples of operations are there?



The description of the
database is small.



Let's set up some
generators

(def gen-key gen/string)
(def gen-value gen/string)

> (gen/sample gen-key 20)

(uu ||I|| ||U|| ||U|| ||b7Au ||:“[|| ||§|| "b8ZEéé" nn ||6|| ||¢
6U+bu "W\bAé+_D\\" "\ngZ”lbOW." "ﬁO" "6>,
BiwA,\r!" ":EN2309" "peIaoTzJU\bi" "O¥&-#A&F\\\"

EjF#" "U:?" n ,6"



Some easy properties...
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DB should contain a key/value
after storing

(defspec store-contains 100
(prop/for-all [k gen-key
v gen-value]
(let [db (db/create)]
(db/store! db k v)
(= v (db/fetch db k)))))
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store! should overwrite old
values

(defspec store-overwrite 100
(prop/for-all [k gen-key
vl gen-value
v2 gen-value]
(let [db (db/create)]
(db/store! db k v1)
(db/store! db k v2)

)))



store! should overwrite old
values

(defspec store-overwrite 100
(prop/for-all [k gen-key
vl gen-value
v2 gen-value]
(let [db (db/create)]
(db/store! db k v1)
(db/store! db k v2)

)))



store! should overwrite old
values

(defspec store-overwrite 100
(prop/for-all [k gen-key
vl gen-value
v2 gen-value]
(let [db (db/create)]
(db/store! db k v1)
(db/store! db k v2)
(= v2 (db/fetch db k)))))




DB should be empty after
clearing

(defspec clear-empty 100
(prop/for-all [k gen-key
v gen-value]
(let [db (db/create)]
(db/store! db k v)
(db/clear! db)
(zero? (db/size db)))))



{:result false,
:test-var “store-contains”,
:failing-size 28,
:hum-tests 29,
. fail ["a@lqU\"I'+W;pZ¢Euga>A " “6za%ie"],
:shrunk {:total-nodes-visited 139,
:depth 33,
:result false,
:smallest ["&" ""1},
:seed 1489522410083}



Can we describe the behavior
INn one go?



1.Build a simple, pure model

. A key-value database is like a hash map.



2. Reify the operations and make
generators

(def gen-clear (gen/return [:clear!]))

(def gen-size  (gen/return [:sizel]))

(def gen-store (gen/tuple (gen/return :store!)
gen-key
gen-value))

(def gen-delete (gen/tuple (gen/return :delete!)
gen-key))

(def gen-fetch (gen/tuple (gen/return :fetch)

gen-key))

(def gen-ops (gen/vector
(gen/one-of [gen-clear gen-store
gen-delete gen-fetch
gen-sizel)))



> (gen/sample gen-ops)

(L]
[:clear!]]

]

[:fetch "we"] [:clear!]]

[:clear!] [:fetch "*xQZu"] [:clear!] [:fetch “='"]]
[:size] [:size] [:delete! “K]173"1]

[:fetch “t"]]

[:fetch "§6"] [:size] [:size] [:clear!]]
[:fetch "P/7'"] [:store! "p=" ""] [:delete! "A"]
:store! "B" "-E'y"11)




3. Make 2 runners’

(defn db-run [db ops]
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3. Make 2 runners’

(defn db-run [db ops]
(doseq [[op k v] ops]
(case op
:clear! (db/clear! db)
:size (db/size db)
:store! (db/store! db k v)
:delete! (db/delete! db k)
:fetch (db/fetch db k))))




3. Make 2 runners’

(defn hm-run [db ops]
(reduce
(fn [hm [op k v1]

db ops))



3. Make 2 runners’

(defn hm-run [db ops]
(reduce
(fn [hm [op k v1]
(case op

))
db ops))



3. Make 2 runners’

(defn hm-run [db ops]

(reduce
(fn [hm [op k v1]
(case op
:clear! {}

))
db ops))



3. Make 2 runners’

(defn hm-run [db ops]

(reduce
(fn [hm [op k v1]
(case op
:clear! {}
:S1ze hm

))
db ops))



3. Make 2 runners’

(defn hm-run [db ops]

(reduce
(fn [hm [op k v1]
(case op
:clear! {}
:S1ze hm

:store! (assoc hm k v)

))
db ops))



3. Make 2 runners’

(defn hm-run [db ops]

(reduce
(fn [hm [op k v1]
(case op
:clear! {}
:S1ze hm

.store! (assoc hm k v)
:delete! (dissoc hm k)

))
db ops))



3. Make 2 runners’

(defn hm-run [db ops]

(reduce
(fn [hm [op k v1]
(case op
:clear! {}
:S1ze hm

:store! (assoc hm k v)
:delete! (dissoc hm k)
:fetch  hm))

db ops))
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4 .Define your property

(defn equiv? [db hm]

)

(defspec hash-map-equiv 100
(prop/for-all [ops gen-ops]
(let [hm C(hm-run {} ops)
db (db/create)]
(db-run db ops)
(equiv? db hm))))




4 .Define your property

(defn equiv? [db hm]
(and (= (count hm) (db/size db))

)

(defspec hash-map-equiv 100
(prop/for-all [ops gen-ops]
(let [hm C(hm-run {} ops)
db (db/create)]
(db-run db ops)
(equiv? db hm))))




4 .Define your property

(defn equiv? [db hm]
(and (= (count hm) (db/size db))
(every? (fn [[k v1]
(= v (db/fetch db k)))
hm)))

(defspec hash-map-equiv 100
(prop/for-all [ops gen-ops]
(let [hm C(hm-run {} ops)
db (db/create)]
(db-run db ops)
(equiv? db hm))))









Encourage collisions

(def gen-clear (gen/return [:clear!]))
(def gen-size  (gen/return [:size]))

(defn gen-store [keys]
(gen/tuple (gen/return :store!) (gen/elements keys) gen-value))

(defn gen-delete [keys]
(gen/tuple (gen/return :delete!) (gen/elements keys)))

(defn gen-fetch [keys]
(gen/tuple (gen/return :fetch) (gen/elements keys)))

(defn gen-ops* [keys]
(gen/vector
(gen/one-of [gen-clear (gen-store keys)
(gen-delete keys) (gen-fetch keys)
gen-size])))

(def gen-ops (gen/let [keys (gen/not-empty (gen/vector gen-key))]
(gen-ops* keys))



> (gen/sample gen-ops)
([

[:fetch ""] [:size]]

[:fetch "w?"] [:clear!]]

[:delete! “Z¢" 1]

[:fetch "u"] [:fetch "u"] [:si1ize] [:clear!]]

[:store! ")A@" "k"] [:store! ")A@" "c"] [:fetch "G,"]
[ :clear!]]

[[:clear!]]

[[:store! " w-8" "y}"] [:clear!] [:fetch " “¢p"]
:fetch "IxJpe_"] [:delete! " “¢p"11)




> (apply max (map count (gen/sample gen-ops 100)))
91

> (apply max (map count (gen/sample gen-ops 1000)))
96

> (Math/pow 5 91)
4.038967834731581E63



{:result false, .
:test-var "hash-map-equiv", 49 OperathﬂS
:seed 1489523387287,
:failing-size 26,
:num-tests 27,
:fail [[L: delete' "Okau%l!9PAg1PAF “@y8i)"] [:size] [:delete! "
\re U2<x/Ho* | U¢c61EE"] [:clear!] [:size] [:clear!] [:delete! "t_ecWuP("] [:size] [:clear!] [:fetch
"B-7{I0"] [:clear!] [:size] [:delete! "¥?t-i\\A\fz"] [:clear!] [:clear!] [:delete! "E5Pi§
UEVZOAH%EiI¥YW#6"] [:size] [:size] [:size] [:delete! "ku"] [:delete! "MexdUJzCw 22%Yp-£~£0iAQW\tU"]
[:delete! "9kau%l!'9PAglDAF ay8i)"] [:delete! "EKssy, Ie>°Aufqi3
SAEx'\fg\\tdB§!"] [:size] [:store! "V%tCAx0U{%%065 z@Uy!\nddp§,oUCIGABL" "2i0; .0
101z¥2\f1\">GI?2 13¢U0<'°A-¢"] [:clear!] [:clear!] [:clear!] [:fetch "&20'AE-\\Y+-P(3ky2bB'FdoN20
£AHx"] [:delete! "Z'5yud'&v"] [:store! "¥?t-i\\A\fz" ""] [:store! "EKssy Ie>°Aufqi3
SAEXT\fp\\tdB§!" "\rUmfR¢)206 UB rA«tbaUl~t9"] [:delete! "08&4RAj+9EE3EXIADX3RB\""] [:delete!
"t_®cWuP("] [:clear!] [:delete! "®3l%Tuwl®|Ci"] [:store! "IPtDa\r\"jR
ImJAU°SE E?kof@«WIX - \tU~BCmOhE" "IiIOL- "2-x\btateyoS)Th)EIFO&"] [:fetch "e#dE"] [:fetch "t_ecWuPi"]
[:delete! "(%"] [:clear!] [:fetch "083RAj+9EE3EXIADX3RB\""] [:fetch "&20'AE-\\Y+-P(3ky2bB'Fd6N20
fAHx"] [:delete! "Z'5yud‘'&v"] [:size] [:store! "UOYe
gN0\r@1o0i" "3£>°Sn"] [:delete! "Oc®2Aia"] [:store! "}UoO0\r" "82$8,Q80UN+,B£kD) °A4%4THA{ONS+qA\\FC
W"] [:store! "5BNp9¢3'<Ta0OBfoQ" "xhUtxA#B»GNYX¢taN'tei"]1]1],
:shrunk {:total-nodes-visited 361,
:depth 162,
:result false,
:smallest [[[:store! "g" ""111}}



But what about race
conditions?



Run it in multiple
threads

(defn run-in-thread [db ops]
(.start (Thread. (fn []
(db-run db ops)))))

(defn thread-run [db ops-sequences]
(run! #(run-in-thread db %) ops-sequences))



Wait for them all to
finish
(defn run-in-thread [db ops]
(let [done (promise)]
(.start (Thread. (fn []
(db-run db ops)

(deliver done :done!))))
done))



Wait for them all to
finish
(defn run-in-thread [db ops]
(let [done (promise)]
(.start (Thread. (fn []
(db-run db ops)

(deliver done :done!))))
done))

(defn thread-run [db ops-sequences]
(let [threads (map #(run-in-thread db %)
ops-sequences) ]
(dorun threads)
(run! deref threads))



Start all threads at once

(defn run-in-thread [latch db ops]
(let [done (promise)]
(.start (Thread. (fn []
@latch
(db-run db ops)
(deliver done :done!))))
done))



Start all threads at once

(defn run-in-thread [latch db ops]
(let [done (promise)]
(.start (Thread. (fn []
@latch
(db-run db ops)
(deliver done :done!))))
done))

(defn thread-run [db ops-sequences]
(let [latch (promise)
threads (map #(run-in-thread latch db %)
ops-sequences) ]
(dorun threads)
(deliver latch :go!)
(run! deref threads)))
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(defspec hash-map-equiv 100
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Test against the moael

(defspec hash-map-equiv 100
(prop/for-all [ops-a gen-ops
ops-b gen-ops]
(let [ops (concat ops-a ops-b)
hm (hm-run {} ops)
do (db/create)]

)))



Test against the moael

(defspec hash-map-equiv 100
(prop/for-all [ops-a gen-ops
ops-b gen-ops]
(let [ops (concat ops-a ops-b)
hm (hm-run {} ops)
do (db/create)]
(thread-run db [ops-a ops-b])
(equiv? db hm))))






Encourage collisions across
threads

(defn gen-ops-sequences [n]



Encourage collisions across
threads

(defn gen-ops-sequences [n]
(gen/let [keys (gen/not-empty
(gen/vector gen-key))]

)



Encourage collisions across
threads

(defn gen-ops-sequences [n]
(gen/let [keys (gen/not-empty
(gen/vector gen-key))]
(apply gen/tuple
(repeat n (gen-ops* keys)))))



Collisions

(defspec hash-map-equiv 100
(prop/for-all [[ops-a ops-b]
(gen-ops-sequences 2)]

)



Collisions

(defspec hash-map-equiv 100
(prop/for-all [[ops-a ops-b]
(gen-ops-sequences 2)]
(let [ops (concat ops-a ops-b)

hm (hm-run {} ops)
do (db/create)]

(thread-run db [ops-a ops-b])

(equiv? db hm))))
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Possible interleavings

(defn children [{:keys [sequence threads]}]
(for [[k [v & thread]] threads]
{:sequence (conj sequence v)
:threads (if thread
(assoc threads k thread)
(dissoc threads k))}))

(defn branch? [x]
(-> x :threads not-empty))

(defn possible-interleavings [& sequences]
(let [threads (into {} (map vector (range) sequences))]
(->>
(tree-seq branch? children {:sequence [] :threads threads})
(remove branch?)

(map :sequence))))



Equivalent to some possible

interleaving

(defspec hash-map-equiv 100
(prop/for-all [[ops-a ops-b]
(gen-ops-sequences 2)]
(let [ops-i (possible-interleavings ops-a
ops-b)
|

)))



Equivalent to some possible

interleaving

(defspec hash-map-equiv 100
(prop/for-all [[ops-a ops-b]
(gen-ops-sequences 2)]
(let [ops-i (possible-interleavings ops-a
ops-b)
db (db/create)]
(thread-run db [ops-a ops-b])

))))



Equivalent to some possible

interleaving

(defspec hash-map-equiv 100
(prop/for-all [[ops-a ops-b]
(gen-ops-sequences 2)]
(let [ops-i (possible-interleavings ops-a
ops-b)
db (db/create)]
(thread-run db [ops-a ops-b])
(some? #(equiv? db %)
(map #Chm-run {} %) ops-i))))))



Repeatability (every?)

(defspec hash-map-equiv 100
(prop/for-all [[ops-a ops-b]
(gen-ops-sequences 2)]
(let [ops-i (possible-interleavings ops-a
ops-b)]
(every?
(for [_ (range 10)]
(let [db (db/create)]
(thread-run db [ops-a ops-b])
(some? #(equiv? db %)
(map #Chm-run {3} %) ops-1)))))))))



A

[ :store! “a” “b”]
[ :store! “a” “c”]

—

B

:fetch “”]
:delete! “7]
:delete! “7]
:Ssize]
:delete! “7]
:fetch “”]
:fetch “”]
:Ssize]
:fetch “”]

:delete! “a”]



Timing

(def gen-sleep (gen/tuple (gen/return :sleep)
(gen/choose 1 100)))

(defn gen-ops* [keys]
(gen/vector
(gen/one-of [gen-sleep

gen-size
(gen-fetch keys)
(gen-store keys)
(gen-delete keys)
gen-clearl])))




DB Runner

(defn db-run [db ops]
(doseq [[op k v] ops]

(case op
:sleep
:clear!
:Slze
:store!
:delete!
:fetch

(Thread/sleep k)
(db/clear! db)
(db/size db)
(db/store! db k v)
(db/delete! db k)
(db/fetch db k))))




Hash map runner

(defn hm-run [db ops]

(reduce
(fn [hm [op k v1]
(case op
:sleep  hm
:clear! {}
:Slze hm

:store! (assoc hm k v)
:delete! (dissoc hm k)
:fetch  hm))

db ops))



A B

[:store! “a” “b”] [:sleep 66]
[:store! “a” “c”] [:delete! “a”]
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© gon-vatue |
(let (ob (ch/create)]
(db/store! db k ¥)
o/fetch db k)
= v idbfeteh db §2))))

(def spec store-store 160
(check/for-all [k gen-key
7 gen-key,
2 gen-key]

(et rob m/m.w*

(defspec store-clear 100
enaakfor-atl (i gon-tay

(let (ab mh,mm,

oystorel db kv
(db/elear
(zero? (ab/size b))

(defspec store-delete 100
(check/Tor-al1 [k gen-key

ue]

(et (ob (ab/ereate

(dordelete! db k)
Gzero? (/size d))))
(defspec store-size I
(check/for-all [k sen-key
+ gen-value)

(dbysize ch)
1 (dosize d0)))3)
(defspec fetch-fetch 108
(check/tor-at1 (K1 gen-key
"

(et (ab (ab/ereate;
db/fech db k1)
(db/Fetch db ki)
(zero? (eb/size db)))))

(defspec fetch-storc 100
(check/For-all (K gen-key
1 gen-ke:
7 gen-ke;
(let [ob (cb/create)]
(do/fetch db k3
(db/store! ¥2)
© ve (obsfetch dbK0))))

Bl
(check/for-all [k g

b
(dbiclear! db)
(zere? (db/size db)3)))

CdeFspee Feteh-delete 108
(check/for-all [k gen-key
« zen-valuc]
(let (ob (cb/ereate)]
oifetch! db k)
(dbsgelete! db k)
Gero? (db/size db))))

(deFspec feteh-size 100
(check/Tor-e1l Tk gen-key
« gen-value |
(let Ceb (chicreate)
(dosiotel )
(db/size ob)
(zero? (db/size db)))

Coetspec feten-fatch 100
(check/for- 1 genkey
i Eonten)
(et (b (db/ereate) )
e )
(@oréetch b k1)
(zero? (obisize db)})))
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(defspec Fetch-clear 166
(check/Tor-all Lk gen-key
v zen-value]
(let Cob (db/ereate:

(efspec fetch-celete 100
(check/for-all [k gen-key

(let Cdb
dojrercht b k)
(db/celete! b k)
(zero? (db/size db)))))

(defspec fetch-size 100
(ehock/for-s11 Th sonkey

sen-y.
(et Cob (ab/erented)

(zere? (b/size db))))

(cefspec fetch-fetch 160
(check/For-all (K1 gen-k
2 ke
(b/ereate)
(dmtmr b k1)
(dbsetch db k1)
Gerot Cib/aine &)

(defspec fetch-store 100
(check/for-311 Tk gen-key

(et Lb (db/ereate) )
bitetch oh k)
(dosstoro! db k v
& e & [SHN]

Cdefspec fotcheclear 100
(ehacTor-all [k ger-k

n-yalue]
s tdy r,mvmo,.
{do/Fetch! db k)
(et

Goro? (d/size d)))))
(dofspee Feteh-gelote 100
(check/for-al) Tk gen-key
v gen-value]
Glat i (dhrcroste

e
(rectaret o 1)
(aero? (b/size db)1))

(defspec fetch-size 100

(check/for-z11 [k gen-key

(zero? (sb/size db)3)))

Gaefspec fo b 100
i u sk
fenekey
det Lo (,ucrme,.
(sifetel ob 1)
(dofetch db k
eres e wyson

(dotspee toreh-stare 100
(check/for-all Tk gen-key

1 gen-key
Fen-key]

ore! db k v
O o & w‘v‘

(defspec feteh-clear
ek fer AL [ gonckey
v gen-value |
(let [cb (cb/ereate)]
(@isetent ab k)
(dosclear! db)
(zera? (/s

@))))

(defspec Teteh-delete 100
(check/Tor=a11 Tk gon-key

v gon-value |
(let Ceb (ch/create)]
(dbifeteh! cb k)
o/celete! db k)
(zera? (db/size db)))))

(cefspec fetch-size 100
(Ghack/for-all. [k goick
en-v
et 0 (o do/create)
doéfetch db k)
(auum cL;
(zero? (vh/size db)

(def gen-key  gen/string)
(def gen-value gen/string)

eturn [:si

ek gomeelanr Gganiraurn Fuelir 153
(def gen-size z1))

tore!)

ys]
(gen/tuple (gen/return :delete!)
<

(genvelenents keys) gen-value))

(gen/elements keys)))

(sen/tuple (gen/return :fetch) (zen/elements keys)))
(def gen-sleep (zen/tuple (gen/return :sleep) (gen/choose 1 10))

(defn gen-ops« [keys]
(gen/vector
(gen/one-of Lgen-sleep
gen-

(gen-Fetch keys)
(gen-store  keys)
(gen-delete keys)
gen-clear])))

(defn gen-ops-sequences

(gen/let Ckeys (gen/not-cmpty (gen/vector gen-key))]
(apply gen/tuple (repeat n (gen-ops+ keys))))

(defn do-run [db ops]
5 [op ops]

db)

db)

db k vy
db k)
db K))))

db)

(dose
« T
[[:sleep n 11 (Thread/sleep n)
[liclear! 1] (db/clear!
[[:size 1] (dossize
[[:store! k v] (db/store!
[[:delete! k 17 (db/delete!
[[:fetch k1) (db/fetch
(defn hm-run [db ops]
(reduce
n 1
1 <m. clear!
11 Ch-size

K V11 (m-store!

Kk 11 (-fetch

db ops))

(e cauiv? [dh )

(and (= Conunt fm) (dbrsize )
Cevery? (fn

= v breten b

(defn run-in-thread [lateh db ops]
(let Cdone (promise)
Cstart (Thread. (fn [7

(do=run db o

b 13))

K))

ps)
(deliver' done. ~done1))))

done)

(defn thread-run [db ops-sequences)
(let Clateh (promise:

(runt dere threads)))

(nap f(run-in-thread latch db %) ops-sequences)]

(defn chitdren [(tkeys [scence threads1)]
Lk s]

Cv & thread)] th
T setuence (cons sequence )
threads (if throad
(assoc threads k th
(dissoc threads k)

(defn branch?
threads not-empty))

(defn possible-interleavings [& seal
(let [threads (into {} (map vector
{range
seque
(tree-seq branch? children {:s
(remove branch?)
(mep :sequence))))

(defspec hash-nap-equiy
100

(check/for-all [[ops-s ops-a ops-
(let [ops-i (possible-interleay:
(nerin (mecreate) op
(prn ops-s ops-a ops-t
(every? identity
(for [ (range 10)]
Qe L (bierems
Cdb=run db op:
Cohrend-run' o o
(some? (map #(equs

read)

»

wences]
"

e (count sequences))
nces)) |

equence [ ] :threads threads})

b] (gen-ops-sequences 3)]
ings ops-a ops-b)
5531

21

ps-a ops-b])

iv? db (hn-run hm %)) 0ps-i)))))3))
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